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THE PHYTOPLANKTON OF SOUTHERN AND CENTRAL 
SASKATCHEWAN 


PART IE! 


By Paut E. KUEHNE 


BACILLARIEAE 


Asterionella, Fragilaria, Melosira, Stephanodiscus, and Tabellaria, being true 
plankton diatoms and cosmopolitan in their distribution, are found in almost 
all freshwater and many of the saline lakes. At times they are abundant. 
Other genera, such as Navicula, Pinnularia, Nitzschia, Gyrosigma, Cymatopleura, 
Rhopalodia, etc., are not so widely distributed in the Saskatchewan lakes and 
usually only a few individuals can be found, many of them only in the littoral 
collections. They are really representatives of the benthos or shore and 
bottom diatoms and have drifted into the plankton through the action of 
waves or the circulating water. Most of them are represented in both saline 
and freshwater lakes. Pleurosigma elongatum, Tropidoneis lepidoptera, 
Amphiprora alata, Campylodiscus clypeus, Rhoicosphenia curvaia, and Surirella 
Baileyana occur only in the saline lakes. Several other species of Surirella 
also occur mostly in the saline lakes but the species S. biseriata, elegans, and 
spiralis, and the two Gyrosigma species were only found in freshwater. Most 
diatoms are essentially cold water organisms and should, therefore, prove 
more common during the early spring and late fall. The importance of 
temperature effect on diatom occurrence may be gathered from the fact that 
Bailey (1) reported 63 species, mostly shore and bottom diatoms, from the 
Quill lakes. His collections were made during May. 


COSCINODISCACEAE 


Melosira crenulata (Ehr.) Kiitz. (5, p. 29). 
Crean (0-3), Kingsmere (0-3), Moose Creek (1), Stony (2), Waskesiu (0-3). 


Melosira granulata (Ehr.) Ralfs (15, p. 87, Fig. 44; 5, p. 30). 

Antelope (0-1), Beartrap Creek (1), Birch (1), Broughton (3), Crean (1-4), Echo (0-3), 
Emma (3), Good Spirit (1), Greenwater (2), Halkett (2-3), Helene (2), Jackfish (0-2), Kings- 
mere (0-3), Last Mountain (0-1), Lavallee (4), Little Loon (3), Madge (2), Margo (0-1), 
Meeting (3), Murray (2-5), Pasqua (3), Round I (3), Shady (2), Stony (2), Sturgeon (3), 
Tibiska (3), Turtle (3), Wabeno (2), Wakaw (1), Waskesiu (1-5), Witchekan (1). 


Melosira varians Ag. (15, p. 103, Fig. 69; 5, p. 40). 

Broughton (1), Christopher (1), Crean (0-2), Last Mountain (0-1), Stony (2), Sturgeon 
(1), Waskesiu (0-2). 
Cyclotella comta (Ehr.) Kiitz. (15, p. 103, Fig. 69; 5, p. 40). 

Brightsand (0-2), Echo (0-2), Emma (2), Fishing (0-1), Halkett (0-2), Jackfish (0-1), 
Kenderdine (0-1), Kingsmere (0-2), Little Quill (0-2), Madge (1), Tibiska (1), Turtle (2), 
Wabeno (1), Waskesiu (0-2). 


1 Part I appeared in the August issue. 
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Cyclotella Meneghiniana Kiitz. (15, p. 100, Fig. 67; 5, p. 38). 
Antelope (0-2), Bitter (3), Brightsand (2), Deep (3), Echo (0-3), Emma (2), Fishing 
(0-1), Last Mountain (0-2), Lenore (2), Little Loon (2), Little Manitou (0-3), Redberry (0-2). 


Cyclotella operculata (Ag.) Kiitz. (15, p. 102, Fig. 66; 5, p. 39). 
Brightsand (0-2), Deep (3), Echo (0-4), Emma (2), Fishing (0-1), Jackfish (0-1), Kenderdine 
(0-1), Pelletier (1), Turtle (0-2). 


Cyclotella quillensis Bailey (5, p. 38). 
Little Quill (0-1). 


Stephanodiscus niagarae Ehr. (5, p. 61). 

Antelope (0-2), Bagwa (1), _¥ (2), Bitter (1), Brightsand (2), Broughton (2), Carlyle 
(1), Christopher (1), Crean (1-3), Deep (3),-Echo (0-4), Emma (3), Fishing (1-3), Good 
Spirit (1), Greenwater (2), Halkett (1-3), Helene (2), Jackfish (0-2), Kenderdine (1-3), 
Kenosee (3), Kingsmere (0-3), Last Mountain (0-3), Lavallee (3), Little Loon (2), Little 
Quill (1-2), Margo (0-2), Meeting (3), Murray (2-3), Pasqua (3), Soda (1), Sturgeon (2), 
Tibiska (3), Turtle (3), Wabeno (2), Wakaw (2), Waskesiu (1-4), Waskesiu Narrows (1), 


Witchekan (1). 
CHAETOCERACEAE 


Chaetoceros Elmorei Boyer (5, p. 112). 

Antelope (3-5), Big Quill (0-2), Bitter (5), Carlyle (1), Fishing (1-2), Good Spirit (1), 
Jackfish (0-2), Last Mountain (0-1), Lenore (1), Little Quill (3-4), Madge (1), Redberry (1-4), 
Stoney (2), Wilson (1). 

The genus Chaetoceros was considered wholly marine, though investigators had described 
forms from several European saline lakes (15). The first American specimens were reported 
from Devil’s Lake, North Dakota, under the name C. Elmorei (4). The discovery aroused 
considerable interest, because this lake is so very far inland. Seven years later, Bailey (1) 
found abundant specimens in the collections from Little Quill Lake. Though he admitted 
that most of them ‘‘closely resembled the form described and figured by C. S. Boyer’’, he 
established a new species, C. quillensis. In a later publication (5), Boyer writes, ‘‘After man 
examinations of the material from Little Quill Lake, Saskatchewan, I am unable to deteuh 
the forms of Chaetoceros from the species found in Devil’s Lake, North Dakota, although the 
Quill Lake material contains more of the immature and shorter filaments, the results of 
colder habitat”. The recent collections contained much material and furnish proof that 
Boyer’s conclusions must be accepted as correct, and that the forms from Saskatchewan 
and North Dakota belong to the same species. Not only were many found with vegetative 
structures as described and figured by Boyer, but all agreed in the shape and formation of the 

reproductive body. The variations in the vegetative structures, such as size of cells and 
divergence of setae, may, perhaps, be considered seasonal changes, similar to those found in 
other algae, e.g., Ceratium hirundinella. It may be added that the lakes of North Dakota 
and Saskatchewan are the only ones on this continent from which Chaetoceros is reported. 


TABELLARIACEAE 


Tabellaria fenestrata (Lyngb.) Kiitz. (15, p. 122, Fig. 99; 5, p. 151). 

Atten (2), ea (2), Crean (2-4), Deep (3), Echo (0-1), Good Spirit (1), Halkett 
(0-3), Kingsmere (0-3), Last Mountain (0-3), Lavallee (2), Moose Creek (1), Pasqua (2), 
Redberry (1-3), Round II (2), Shady (3), Tibiska (4), Turtle (0-2), Wabeno (3), Wakaw (3), 
Waskesiu (0-2). 

MERIDIONACEAE 
Meridion circulare var. constricta (Ralfs) Van Heurck (15, p. 131, Fig. 119; 5, p. 172). 
Murray (0-1). In floating debris. 


FRAGILARIACEAE 


Fragilaria capucina Desmaz. (15, p. 138, Fig. 126; 5, p. 187). 

Big Quill (0-2), Bitter (2), Christopher (1), Crean (0-1), Deep (2), Echo (3), Emma (2), 
Fishing (0-2), Greenwater (2), Halkett (1-2), Helene (2), Jackfish (1-3) Kenderdine (0-1), 
Kingsmere (0-2), Last Mountain (0-4), Lavallee (2), Lenore (2), Murray (0-2) Round I (1), 
Round II (1), Sturgeon (1), Tibiska (2), Wabeno (1), Wakaw (2), Waskesiu (0-3). 


Fragilaria crotonensis Kitton (15, p. 137, Fig. 125; 5, p. 187). 
Atten (1), Basin (2), Big Quill (0-2), Birch (3), Bitter (3), Brightsand (3), Broughton (2), 


Carlyle (1), Christopher (2), Crean (2-4), Deep (3), Echo (1-5), Edwards (1), Emma (3), - 


Fishing (1-3), Good Spirit (1), Greenwater (3), Halkett (2-4), Helene (2), Jackfish (1-3), 
Kenderdine (2-3), Kenosee (3), Kingsmere (1-3), Last Mountain (0-4), Lavallee (4), Little 
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Loon (3), Madge (2), Manito (0-1), Margo (0-2), Meeting (3), Midnight (2), Moose Creek 
(1), Murray (2-4), Pasqua (3), Pelletier (1), Redberry (0-1), Round I (3), Round II (3), 
Shady (3), Soda (0-1), Stony (2), Sturgeon (2), Tibiska (3), Turtle (3), Wabeno (3), Wakaw 
(3), Waskesiu (0-4). 
Fragileria virescens Ralfs (15, p. 142, Fig. 144; 5, p. 184). 

Helene (2), Midnight (2), Stony (2). 


Synedra acus Kiitz. (15, p. 155, Fig. 170; 5, p. 201). 
Brightsand (2-3), Echo (0-2), Fishing (0-2), Helene (1), Jackfish (0-2). 


Synedra acus var. angustissima Grunow (15, p. 155, Fig. 172). 
Brightsand (0-3), Deep (3). 


Synedra acus var. radians (Kiitz.) Hust. (15, p. 155, Fig. 171; 5, p. 202). 


Brightsand (0-1), Deep (3), Echo (0-2), Helene (2), Kenderdine (0-2), Last Mountain 
(0-3), Madge (1), Meeting (3), Pelletier (1), Turtle (3). 


Synedra pulchella (Ralfs) Kiitz. (15, p. 160, Fig. 187). 
Wakaw (2). 


Synedra ulna (Nitzsch) Ehr. (15, p. 151, Figs. 158, 159; 5, p. 198). 


Atten (1), Beartrap Creek (1), Birch (0-2), Bitter (2), Brightsand (2-3), Christopher (1), 
Clearwater (1), Crean (0-2), Deep (2), Echo (0-2), Emma (2), Fishing (0-3), Halkett (1-2), 
Helene (2), Jackfish (0-3), Kenderdine (0-1), Last Mountain (0-2), Margo (0-1), Murray 
(1-2), Pasqua (2), Pelletier (1), Round II (2), Sandy Beach (1), Turtle (1-2), Wabeno (1), 
Waskesiu (0-1), Witchekan (2). 


Synedra ulna var. biceps (Kiitz.) Hust. (15, p. 154, Fig. 166). 
Bitter (3), Brightsand (2-3), Deep (3), Jackfish (0-3), Sturgeon (1), Wakaw (1). 


Synedra ulna var. danica (Kiitz.) Grunow (15, p. 154, Fig. 168; 5, p. 200). 
Deep (3), Wakaw (2). 


Synedra ulna var. Ramesi (Heri. and Perag.) Hust. (15, p. 152, Fig. 163). 
Fishing (1). 


Asterionella formosa Hass. (15, p. 147, Fig. 156; 5, p. 213). 


Basin (1), Birch (2-3), Bitter (2), Brightsand (2), Carlyle (2), Christopher (3), Clearwater 
(1), Crean (0-3), Deep (2), Echo (0-2), Emma (3), Greenwater (0-1), Halkett (0-2), Helene 
(2), Jackfish (1-4), Kenderdine (0-3), Kenosee (3), Kingsmere (0-3), Last Mountain (0-3), 
Lavallee (2), Lenore (1), Little Loon (3), Madge (1), Meeting (2), Murray (3-4), Pelletier (1), 
Redberry (0-2), Round I (4), Round II (2), Sturgeon (2), Turtle (3), Wabeno (2), Wakaw (1), - 
Waskesiu (0-2). 

EUNOTIACEAE 

Eunotia gracilis (Ehr.) Rab. (15, p. 185, Fig. 253; 5, p. 217). 


Deep (1), Greenwater (0-2), Sturgeon (3); Turtle (0-1). 


Eunotia lunaris (Ehr.) Grunow (15, p. 183, Fig. 249; 5, p. 225). 
Jackfish (0-1), Kingsmere (0-1), Murray (0-2). 


ACHNANTHACEAE 


Rhoicosphenia curvata (Kiitz.) Grunow (15, p. 211, Fig. 311; 6, p. 240). 


Atten (1), Bitter (1), Christopher (1), Echo (0-3), Fishing (0-1), Kenderdine (0-1), Last 
Mountain (0-2), Little Loon (1), Manito (0-2), Midnight (1), Murray (0-2), Sandy Beach 
(1), Wakaw (1), Witchekan (1). 


Cocconeis pediculus Ehr. (15, p. 188, Fig. 259; 6, p. 244). 
Echo (0-1), Pasqua (1), Turtle (0-1). 


Cocconeis placentula Ehr. (15, p. 189, Fig. 260; 6, p. 244). 


Birch (0-2), Clearwater (1), Deep (1), Echo (0-2), Greenwater (0-1), Helene (2), Kender- 
dine (0-2), Margo (0-1), Murray (0-2), Pasqua (1), Round II (1), Sandy Beach (2), Turtle 
(0-2), Wakaw (2). 
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NAVICULACEAE 


Navicula amphibola Cleve (15, p. 309, Fig. 554; 6, p. 405). 
Jackfish (0-1). 


Navicula anglica Ralfs (15, p. 303, Figs. 530, 531; 6, p. 384). 

Basin (2), Christopher (2), Echo (0-1), Fishing (0-2), Last Mountain (0-1), Little Loon 
(1), Little Quill (0-1), Murray (0-1), Round II (1), Soda (0-1), Turtle (0-1). i 
Navicula bacilliformis Grunow (15, p. 273, Fig. 446; 6, p. 369). 

Echo (0-1). 


Navicula cincta (Ehr.) Kiitz. (15, p. 298, Fig. 510; 6, p. 384). 
Broughton (1), Turtle (0-1). 


Navicula cryptocephala Kiitz. (15, p. 295, Fig. 496; 6, p. 383). 

Atten (3), Bis Quill (0-1), Brightsand (0-1), Brougkton (1), gags (2), Deep (1), 
Emma (1), Fishing (0-2), Greenwater (0-1), Helene (2), Kenderdine (0-2), Last Mountain 
(0-2), Little Loon (1), Margo (0-1), Midnight (2), Murray (0-1), Turtle (0-2), Wakaw (2). 


Navicula cuspidata Kiitz. (15, p. 268, Fig. 433; 6, p. 366). 
Bitter (1), Broughton (1), Echo (0-1), Emma (1), Helene (2), Kenderdine (0-3), Midnight 
(2), Murray (0-1). 


Navicula cuspidata var. ambigua (Ehr.) Cleve (15, p. 268, Fig. 434; 6, p. 366). 
Brightsand (0-2), Emma (1), Helene (2), Jackfish (0-1), Kenderdine (0-1), Little Loon 
(1), Murray (0-1), Stony (1). 


Navicula dicephala (Ehr.) W. Smith (15, p. 302, Fig. 526; 6, p. 386). 
Emma (1), Turtle (0-1). 


Navicula exigua (Greg.) O. Miiller (15, p. 305, Fig. 538). 
Echo (0-2). 


Navicula falaisiensis var. lanceola Grunow (15, p. 302, Fig. 525; 6, p. 400). 
Atten (2), Margo (0-1). 


Navicula gastrum Ebr. (15, p. 305, Fig. 537). 

Brightsand (0-1), Emma (1), Fishing (0-1), Halkett (0-1), Helene (2), Pasqua (1), 
Waskesiu (0-1). 
Navicula Grevillei (Ag.) Cleve (6, p. 376). 

Little Quill (0-1). 


Navicula hungarica var. capitata (Ehr.) Cleve (15, p. 298, Fig. 508; 6, p. 389). 
Echo (0-2). 


Navicula lanceolata (Ag.) Kiitz. (15, p. 305, Fig. 540). . 
Brightsand (0-1), Helene (2), Little Loon (1), Turtle (0-2), Waskesiu (0-1). 


Navicula oblonga Kiitz. (15, p. 307, Fig. 550; 6, p. 395). 

Bagwa (2), Birch (0-1), Brightsand (0-1), Broughton (1), Christopher (1), Echo (0-1), 
Emma (1), Fishing (0-1), Helene (2), Jackfish (0-2), Kenderdine (0-3), Margo (0-1), Murray 
(0-2), Soda (0-1), Turtle (0-2), Wakaw (1), Waskesiu (0-1), Witchekan (2). 

Navicula pupula Kiitz. (15, p. 281, Fig. 467a; 6, p. 369). 

Kenderdine (0-3). 


Navicula pusilla W. Smith (15, p. 311, Fig. 558; 6, p. 406). ; 
Brightsand (0-1), Kenderdine (0-2). 


Navicula pygmeea Kiitz. (15, p. 312, Fig. 561; 6, p. 416). 
Echo (0-2). 


Navicula radiosa Kiitz. (15, p. 299, Fig. 513; 6, p. 397). 

Brightsand (0-1), Christopher (1), Crean (0-4), Deep (2), Emma (2), Greenwater (0-1), 
Helene (2), Last Mountain (0-1), Midnight (2), Murray (0-1), Round II (1), Stony (1), 
Sturgeon (2), Turtle (1-2), Wabeno (1), Wakaw (1), Waskesiu (0-1). 
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Navicula tuscula (Ehr.) Grunow (15, p. 308, Fig. 552; 6, p. 385). 
Atten (1), Brightsand (0-1), Turtle (0-2). 


Navicula viridula Kiitz. (15, p. 297, Fig. 503; 6, p. 388). 
Good Spirit (1), Kenosee (1). 


Pinnularia major (Kiitz.) Cleve (15, p. 331, Fig. 614; 6, p. 446). 
Crean (0-1), Halkett (0-1), Margo (0-1), Waskesiu (0-1). 


Pinnularia nobilis Ehr. (15, p. 337, Fig. 619; 6, p. 445). 
Greenwater (0-1), Waskesiu (0-1). 


Pinnularia viridis (Nitzsch) Ehr. (15, p. 334, Fig. 617a; 6, p. 446). 

Bitter (1), Brightsand (0-1), Broughton (1), Clearwater (1), Crean (0-1), Greenwater 
(0-1), Halkett (0-1), Helene (1), Kenderdine (0-1), Last Mountain (0-1), Little Loon (1), 
Meeting (1), Midnight (1), Waskesiu (0-1). 


Caloneis amphisbaena (Bory) Cleve (15, p. 230, Fig. 346; 6, p. 314). 
Brightsand (0-1), Echo (0-1), Witchekan (1). 


Caloneis amphisbaena var. subsalina (Donkin) Cleve (15, p. 230, Fig. 347; 6, p. 315). 
Turtle (0-1). 


Neidium iridis (Ehr.) Cleve (15, p. 245, Fig. 379; 6, p. 321). 
y Brightsand (0-1), Helene (2), Kingsmere (0-1), Sandy Beach (1), Soda (0-1), Sturgeon 


Neidium productum (W. Smith) Cleve (15, p. 245, Fig. 383; 6, p. 321). 
Brightsand (0-1), Last Mountain (0-1), Little Loon (1), Margo (0-1). 


Stauroneis phoenicenteron (Nitzsch) Ehr. (15, p. 255, Fig. 404; 6, p. 421). 
Brightsand (0-1), Broughton (1), Crean (0-1), Helene (2), Jackfish (0-1), Little Loon | 
(1), Margo (0-2), Murray (0-1), Soda (0-1). 


Gyrosigma attenuatum (Kiitz.) Cleve (15, p. 224, Fig. 330; 6, p. 455). 
Crean (0-2), Halkett (0-2), Helene (1), Kingsmere (0-1), Meeting (1), Moose Creek (1), 
Turtle (0-1), Wabeno (1). 


Gyrosigma Kuetzingii en Cleve (15, p. 224, Fig. 333; 6, p. 461). 
Meeting (1). 


Pleurosigma elongatum W. Smith (15, p. 228, Fig. 343; 6, p. 470). 
Bitter (1), Little Quill (0-2), Redberry (0-1). 


Scoliopleura peisonis Grunow (15, p. 338, Fig. 622; 6, p. 361). 
Atten (1). 


Amphiprora alata Kiitz. (15, p. 340, Fig. 625; 6, p. 483). 
Bitter (1), Echo (0-1), Fishing (0-3), Last Mountain (0-1), Lenore (1), Margo (0-1), 
Redberry (0-1). : 


Amphiprora ornata Bailey (15, p. 340, Fig. 323; 6, p. 484). 
Birch (0-1), Emma (1), Halkett (0-1), Midnight (1), Stony (1), Waskesiu (0-1). 


Tropidoneis lepidoptera (Greg.) Cleve (6, p. 480). 
Big Quill (0-1), Echo (0-1), Last Mountain (0-3), Little Quill (0-1), Pasqua (1), Stoney 
(1), Stony (1). 


Mastogloia Smithii Thwaites (15, p. 215, Fig. 314; 6, p. 332). 
Bitter (2), Brightsand (0-1), Little Quill (0-1), Turtle (0-1). 


Mastogloia Smithii var. lacustris Grunow (15, p. 217, Fig. 316; 6, p. 332). 
Atten (3), Bitter (2), Sandy Beach (1). 
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GOMPHONEMATACEAE 


Gomphonema capitatum Ebr. (6, p. 292). 
Jackfish (0-2), Last Mountain (0-2), Madge (1), Murray (0-1), Redberry (0-1). 


Gomphonema olivaceum (Lyngb.) Kiitz. (15, p. 378, Fig. 719; 6, p. 296). 
Christopher (1), Echo (0-2), Sturgeon (1), Turtle (0-2). 


Gomphonema parvulum (Kiitz.) Grunow (15, p. 373, Fig. 713a; 6, p. 294). 
Echo (0-1). 
CYMBELLACEAE 
Cymbella affinis Kiitz. (15, p. 362, Fig. 671; 6, p. 276). 
Atten (1). 


Cymbella aspera (Ehr.) Cleve (15, p. 365, Fig. 680; 6, p. 278). 
Beartrap Creek (1), Brightsand (1), Deep (1), Kingsmere (0-1), Wakaw (1). 


Cymbella cistula (Hempr.) Grunow (15, p. 363, Fig. 676a; 6, p. 280). 

Brightsand (1-2), Crean (0-1), Deep (1), Echo (0-2), Emma (1), Jackfish (1), Meeting 
(1), Pasqua (1), Sturgeon (2), Turtle (1-2). 
Cymbella cymbiformis (Kiitz.) Van Heurck (15, p. 363, Fig. 672; 6, p. 279). 


Atten (1), Brightsand (2), Christopher (2), Deep (1), Echo (0-1), Emma (1), Fishing 
(0-1), Halkett (0-1), Helene (2), Jackfish (0-2), Moose Creek (1), Murray (0-1), Pasqua (1), 
Redberry (0-1), Sturgeon (2), Turtle (2). 


Cymbella Ehrenbergii Kiitz. (15, p. 356, Fig. 656; 6, p. 275). 
Last Mountain (0-1), Margo (0-1). 


Cymbella lanceolata (Ehr.) Van Heurck (15, p. 364, Fig. 679; 6, p. 279). 

Bitter (1), Brightsand (0-1), Echo (0-1), Helene (1), Jackfish (0-1), Meeting (1), Moose 
Creek (1), Murray (0-1), Sturgeon (2), Turtle (0-1), Waskesiu (0-1). 
Cymbella naviculiformis Auers. (15, p. 356, Fig. 653; 6, p. 281). 

Atten (1), Helene (1), Jackfish (0-1). 


Cymbella parva (W. Smith) Cleve (15, p. 363, Fig. 675; 6, p. 281). 
Brightsand (0-2), Turtle (Q—2). 


Cymbella prostrata (Berk.) Cleve (15, p. 357, Fig. 659; 6, p. 285). 
Echo (0-1). 


Cymbella pusilla Grunow (15, p. 354, Fig. 646). 
Atten (3), Christopher (1), Turtle (1-2). 


Cymbella tumida (Bréb.) Van Heurck (15, p. 366, Fig. 677; 6, p. 280). 
Atten (1), Last Mountain (0-1), Little Manitou (0-2), Waskesiu (0-1). 


Cymbella turgida (Greg.) Cleve (15, p. 358, Fig. 660; 6, p. 283). 
Kenderdine (0-1), Last Mountain (0-1). . 


Amphora commutata Grunow (15, p. 345, Fig. 632). 
Little Manitou (0-1), Little Quill (0-1). 


Amphora ovalis Kiitz. (15, p. 342, Fig. 628; 6, p. 254). 

Atten (2), Birch (0-2), Brightsand (0-2), Christopher (1), Crean (0-1), Deep (1), Echo 
(0-2), Fishing (0-2), Greenwater (0-1), Helene (2), Jackfish (1-2), Kenderdine (0-2), Last 
Mountain (0-1), Little Loon (1), Little Quill (0-2), Margo (0-1), Meeting (1), Murray (0-2), 
Pasqua (2), Pelletier (1), Stony (1), Turtle (2), Wakaw (1), Witchekan (2). 


Amphora proteus Greg. (6, p. 254). 
Jackfish (0-1). 


Epithemia argus Kiitz. (15, p. 383, Fig. 727a; 6, p. 489). 


Atten (1), Brightsand (2), Christopher (1), Kenderdine (0-2), Margo (0-1), Sandy 
Beach (1), Stony (1), Turtle (1-2). 


318 
‘ 
| 
| 
| 
| 
. 


KUEHNF: PHYTOPLANKTON OF SASKATCHEWAN 319 


Epithemia turgida (Ehr.) Kiitz. (15, p. 387, Fig. 733; 6, p. 488). 

Birch (0-1), Brightsand (2), Crean (0-1), Deep (1), Echo (0-2), Fishing (0-1), Greenwater 
(0-1), Halkett (0-1), Helene (2), Jackfish (0-1), Kingsmere (0-1), Little Loon (1), Margo 
(0-2), Murray (0-1), Pasqua (2), Round II (1), Turtle (1-2), Wakaw (1). 

Epithemia zebra (Ehr.) Kiitz. (15, p. 384, Fig. 729; 6, p. 490). 

Birch (0-1), Bitter (1), Brightsand (0-2), Echo (0-2), Fishing (0-1), Helene (2), Pasqua 

(1), Wakaw (1), Witchekan (1). 


Rhopalodia gibba (Ehr.) O. Miiller (15, p. 390, Fig. 740; 6, p. 491). 


Beartrap Creek (3), Birch (0-2), Brightsand (2-3), Deep (1), Emma (2), Helene (3), 
Jackfish (0-1), Kenderdine (0-2), Kenosee (1), Last Mountain (0-1), Meeting (1), Murray 
i (0-1), Stony (1), Turtle (2). 


Rhopalodia gibba var. ventricosa (Ehr.) Grunow (15, p. 391, Fig. 741; 6, p. 491). 
Beartrap Creek (2), Brightsand (2), Deep (1), Helene (3), Little Loon (1), Round II (1)» 
Turtle (0-1). 
NITZSCHIACEAE 
Nitzschia acicularis W. Smith (15, p. 423, Fig. 821; 6, p. 525). 
Last Mountain (0-2). 


Nitzschia commutata Grunow (15, p. 405, Fig. 774). 
Kenderdine (0-1). 


Nitzschia hungarica Grunow (15, p. 401, Fig. 766; 6, p. 498). 
Brightsand (0-1), Stony (1). 


Nitzschia lanceolata W. Smith (6, p. 520). 
Murray (0-1). 


Nitzschia palea (Kiitz.) W. Smith (15, p. 416, Fig. 801; 6, p. 521). 
Brightsand (0-2), Christopher. (2), Echo (0-3), Greenwater (0-2), Helene (2), Jackfish 
(0-1), Kenderdine (0-2), Meeting (1), Midnight (2), Murray (0-1), Stony (3), Turtle (2). 


Nitzschia sigmoidea (Ehr.) W. Smith (15, p. 419, Fig. 810; 6, p. 513). 
Brightsand (0-1), Christopher (1), Emma (1), Greenwater (0-1), Halkett (0-1), Helene 
(2), Jackfish (0-2), Last Mountain (0-1), Midnight (1), Murray (0-1), Redberry (0-1). 


Nitzschia spectabilis (Ehr.) Ralfs (15, p. 419, Fig. 809; 6, p. 517). 
Helene (1). 


Nitzschia vermicularis (Kiitz.) Grunow (15, p. 419, Fig. 811; 6, p. 514). 
Christopher (1). 


Hantzschia amphioxys (Ehr.) Grunow (15, p. 394, Fig. 747; 6, p. 528). 
Beartrap Creek (1), Echo (0-1). 


Denticula elegans Kiitz. (15, p. 383, Fig. 725; 6, p. 530). 
Atten (2), Brightsand (0-1), Echo (0-1). © 


SURIRELLACEAE 


Cymatopleura elliptica (Bréb.) W. Smith (15, p. 426, Fig. 825; 6, p. 532). 
i Brightsand (0-1), Christopher (1), Echo (0-1), Emma (1), Helene (2), Jackfish (0-3), 
eT Loon (2), Margo (0-2), Meeting (1), Murray (0-1), Pasqua (1), Seda (0-1), Waskesiu 


; Cymatopleura solea (Bréb.) W. Smith (15, p. 425, Fig. 823a; 6, p. 532). 

; Birch (1-2), Brightsand (1-2), Crean (0-1), Deep (1), Echo (0-1), Emma (1), Fishing 
(0-1), Halkett (0-1), Jackfish (1), Kenderdine (0-1), Kingsmere (0-1), Last Mountain (0-1), 
Little Loon (1), Little Manitou (0-1), Meeting (1), Moose Creek (1), Murray (0-1), Pasqua 
(1), Stony (1), Turtle (1-3), Waskesiu (0-2). 


| Surirella Baileyana MacKay (6, p. 539). 
Big Quill (0-2), Bitter (2), Fishing (0-1), Jackfish (0-1), Last Mountain (0-1), Little 
Quill (0-3), Manito (0-1), Redberry (0-2). , 
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Surirella biseriata Bréb. (15, p. 432, Figs. 831, 832; 6, p. 535). 
Broughton (1), Halkett (0-1), Lavallee (1), Meeting (1), Waskesiu (0-1). 


Surirella elegans Ehr. (15, p. 440, Figs. 858, 859; 6, p. 537). 
Crean (0-1). 


Surirella ovalis Bréb. (15, p. 441, Figs. 860, 861; 6, p. 541). 


Big Quill (0-3), Crean (0-1), Fishing (0-2), Jackfish (0-2), Last Mountain (0-1), Little 
Manitou (0-1), Little Quill (2), Manito (0-1), Margo (0-1), Redberry (0-2), Sandy Beach 
(1), Stoney (1), Waskesiu (0-1). 


Surirella ovata Kiitz. (15, p. 442, Figs. 863, 864; 6, p. 541). 

Atten (2), Basin (1), Big Quill (0-3), Birch (2-3), Deep (2), Fishing (0-1), Greenwater 
(1-2), Helene (2), Jackfish (0-3), Kenosee (1), Last Mountain (0-3), Lenore (1), Little Quill 
(2), Manito (0-3), Murray (0-1), Soda (0-1), Witchekan (1). 

Surirella ovata var. crumena (Bréb.) Van Heurck (15, p. 443, Fig. 867; 6, p. 541). 

Manito (0-3). 


Surirella robusta Ehr. (15, p. 437, Fig. 850; 6, p. 537). 
Jackfish (0-2), Waskesiu (0-1). 


Surirella spiralis Kiitz. (15, p. 445, Fig. 870). 
Crean (0-1). A single but perfect specimen seen. 


Campylodiscus clypeus Ehr. (15, p. 448, Fig. 873; 6, p. 552). 


Atten (1), Bitter (1), Fishing (0-1), Jackfish (0-1), Kenderdine ~ Last Mountain 
(Q-1), Manito (2-3), Soda (2), Sturgeon (1), Wakaw (1). 


HETEROKONTAE 
BOTRYOCOCCACEAE 


Botryococcus Braunii Kiitz. (30, p. 84, Pl. 15, Fig. 5; 24, p. 91, Figs. 71 to 75). 


Big Quill (0-3), Birch (0-1), Christopher (2), Greenwater (0-1), Kenderdine (0-2), Last 
_— (0-2), Murray (0-1), Soda (1-3), Stony (1), Sturgeon (1), Wabeno (1), Witchekan 


CHLOROTHECIACEAE 
Characiopsis sp. 

Big Quill (0-2), Bitter (1), Broughton (1), Kenderdine (0-1), Last Mountain (0-1), 
Little Quill (0-1), Manito (0-1), Murray (0-2), Redberry (0-2), Soda (0-2), Stony (1), 
Sturgeon (1), Waskesiu (0-1). 

The specimens agree in cell outline with C. saccata Carter as described and figured by 
Pascher (24); it agrees especially with Fig. 53M, except for a longer stipe and less acute apex. 
The cells are 30 to 60 wu in width and 320 to 560 yu in length; length of stipe 25 to 40 wu. Unfor- 
tunately Pascher fails to give any dimensions, and the war in Europe makes it impossible to 
consult the original description. The Saskatchewan specimens may be new to science; 
but until more perfect material, especially in the immature stages, is available, the form is 
best left unnamed. 

TRIBONEMATACEAE 


Tribonema minus (Wille) Hazen (30, p. 87, Pl. 15, Figs. 17, 18). 
Last Mountain (0-3), Little Quill (0-2), Manito (0-1). 


CHRYSOPHYCEAE 
OCHROMONADACEAE 


Dinobryon bavaricum Imhof (30, p. 73, Pl. 13, Fig. 10). 
Christopher (1), Kingsmere (0-3), Shady (1), Waskesiu (0-1). 


Dinobryon divergens Imhof (30, p. 75, Pl. 14, Fig. 2; 26, p. 8, Pl. 1, Fig. 4). 
Atten (1), Birch (0-2), Bitter (2), Brightsand (1-2), Christopher (1), Crean (1-3), Deep 
(3), Edwards (1), Emma (2), Fishing (0-2), Greenwater (0-3), Halkett (1-2), Hel .~ (2), 
—. (0-3), Kenderdine (0-1), Kingsmere (0-4), Little Loon (4), Meeting (2), Moose 
Creek (1), Murray (2-4), Pelletier (3), Round I (1), spe (2), Tibiska (2), Turtle (3), 
Wabeno (3), Waskesiu (0-3). 
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Dinobryon sertularia Ehr. (30, p. 74, Pl. 13, Fig. 17, Pl. 14, Fig. 1; 26, p. 8, Pl. 1, Fig. 6). 
Crean (0-2), Kingsmere (0-2). 


Dinobryon stipitatum Stein (30, p. 74, Pl. 13, Fig. 11; 26, p. 8, Pl. 1, Fig. ‘7). 
Brightsand (1-3), Emma (3). 
DINOPHYCEAE 


DINOFLAGELLATAE 


Glenodinium pulvisculus (Ehr.) Stein (9, p. 286, Fig. 21). 
Fishing (0-2), Halkett (0-2), Midnight (1). 


Peridinium Cunningtoni (Lemm.) Lemm. (9, p. 292, Figs. 32a to d). 
Clearwater (1). 


Peridinium inconspicuum Lemm. (9, p. 294, Figs. 37a to d). 
Basin (2). 


ee ~ +“ om (Ehr.) Clap. and Lachm. (9, p. 298, Figs. 46a to e; 26, p. 35, PI. 10, 
igs. 1, 

Atten (1), Birch (0-1), Christopher (1), Crean (0-2), Edwards (1), Emma (1), Fishing 
(0-1), Halkett, (0-2), Kenderdine (0-2), Kingsmere (0-1), Lavallee (3), Lenore (1), Murray 
(0-1), Pelletier (1), Round I (2), Round II (1), Stoney (1), Stony (1), Tibiska (2), Wabeno (1), 
Waskesiu (0-1). 


Ceratium hirundinella (O.F.M.) Schrank (9, p. 303, Figs. 58 a to f; 26, p. 33, Pl. 8, Fig. 2). 

Atten (2), Basin (3), Beartrap Creek (1), Big Quill (0-2), Birch (0-1), Brightsand (2), 
Broughton (2), — (1), Christopher (2), Clearwater (1), Crean (0-3), Deep (2), Echo (1-3), 
Edwards (1), Emma (3), Fishing (1-3), Good Spirit (3), Greenwater (1-3), Halkett (2-3), 
Helene (2), Jackfish (0-3), Kenderdine (1-3), Kenosee (2), Kingsmere (0-4), Last Mountain 
(0-3), Lavallee (3), Little Loon (3), Little Manitou (0-1), Little Quill (0-2), Madge (2), 
Manito (1), Margo (0-2), Meeting (2), Midnight (1), Moose Creek (1), Murray (2-3), Pelletier 
(1), Redberry (1-2), Round I (4), Round II (2), Sandy Beach (1), Soda (1-2), Stony (2), 
Sturgeon (2), Tibiska (3), Turtle (2-3), Wabeno (2), Waskesiu (0-4). 
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STUDIES ON THE CHROMOSOME SPIRALIZATION CYCLE 
IN TRILLIUM! 


| By A. H. Sparrow”, C. L. Huskins’, anp G. B. WiLson! 


Abstract 


Studies of the major, relic, and relational coils and of chromosome, chromatid, 
and chromonema length changes in meiotic, microspore, and root tip chromo- 
somes of Trillium erectum L. and T. grandiflorum Salisb. have led to the following 
conclusions:— 

Elongation of the chromonema occurs between early diakinesis and first 
anaphase and between second anaphase and microspore prophase. Contraction 
occurs between zygotene and early diakinesis, between first and second anaphase, 
and during microspore prophase. Chromonema elongation between early 
diakinesis and anaphase is associated with the formation of the major coil and 
its transition into the relic coil of the microspore prophase is accompanied by a 
further elongation. The tertiary split results in the half-chromatids being 
associated in the form of a plectonemic spiral, which persists as such to micro- 
spore prophase. The gyres of the plectonemic relic coil become partially 
straightened out to form a relational coil, whose twists are in the same direction 
as their antecedent relic coils. During microspore prophase some relational 
twists are apparently eliminated at intrabrachial changes of direction, others 
by contraction and untwisting of the chromatids. 

Changes of direction fall into three categories: (1) those associated with 
attachments, (2) those associated with chiasmata, and (3) the remainder, the 
frequency of which is proportional to the number of gyres. Intrabrachial 
changes of direction are more numerous in microspore prophase than in root tip 
chromosomes, presumably because Factor (2) is inoperative in the latter. 
There are very few data that could possibly be taken to indicate that chromo- 
somes may have an inherent directional pattern of coiling. 

To the tentative hypothesis of Wilson and Huskins that the major coil of 
meiosis is formed by an elongation of the chromonema within a restricted 
space, the pellicle, the following may be added: the half-chromatids at metaphase 
are wound in the form of a plectonemic spiral. The straightening out of this 
spiral results in the relationally twisted chromatids of microspore prophase. 
These twists are eliminated both by cancellation at the points at which changes 
of direction have occurred in the major coil and also by contraction and untwist- 
ing of the chromatids. 


Introduction 


The spiral structure of chromosomes has been the subject of much study and 
speculation in recent years. Darlington (5, 8), Kaufmann (23), Huskins (17), 
Geitler (13), Straub (46), Nebel (35, 36), Wilson and Huskins (50), Kuwada 
(25), and Kuwada and Nakamura (28) have together presented or discussed 
most of the current hypotheses regarding the nature and mechanics of chromo- 
some coiling. 

' Nebel (35) has grouped the proponents of the various theories on the 
mechanics of coiling into two schools which he terms “‘matrical’’ and ‘“‘mole- 
cular’. This division recognizes the emphasis that one group lays on the 
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role of the immediate environment or ‘“‘matrix’’ of the chromonema in causing 
coiling and the emphasis that the other lays on the idea of a molecular 
reorientation within the chromonema. Most workers, however, have realized 
that internal and external factors must be to some extent interactive; they 
have differed in the relative emphasis placed on these. 

The spiralization theory of Darlington (5, 8 (p. 483 for latest formulation) ) 
postulates ‘‘the formation of a molecular spiral, a spiral torsion within the 
thread,’’ which produces the visible spirals. A detailed mechanism similar 
in principle has been suggested by Nebel (35). Huskins and Smith (19) 
suggested that heterogonic growth of a coiled chromonema might be a factor 
in the production of the succeeding coil and Kuwada (24) postulated aniso- 
tropic swelling of the chromonema resulting in a waviness that becomes a 
spiral owing to contraction of the surrounding matrix. Sax (39) and Sax 
and Humphrey (41) from observations on Secale and Tradescantia express 
the opinion that ‘‘coiling of the chromonema is due to a differential rate of 
contraction between the chromosome and the chromonema’”’ (41). Wilson and 
Huskins (50) showed that in Trillium the chromonema elongates while the 
length of the chromosome remains almost unchanged. 

The large-gyred spiral of the meiotic chromonemata is now generally 
termed the “‘major spiral’ (19). Each of the four chromatids of a bivalent 
chromosome constitutes such a spiral, but in some materials, for example 
Tradescantia, each pair of sister chromatids may be coiled in common and so 
closely associated that they are often difficult to resolve. In some pollen 
mother cells of asynaptic Trillium erectum each chromatid forms a completely 
independent spiral, whereas in normal 7. erectum the chromatids are semi- 
independent (50). 

A small-gyred spiral with its axis perpendicular to that of the major spiral 
is described by most workers. It constitutes an integral part of the spiraliz- 
ation mechanism of Darlington (5). Huskins (17) casts doubt on the existence 
of this structure as a regular spiral and sees clear evidence only of waviness 
along the chromonema. This interpretation is compatible with the “minor 
spiral” of Nebel and Ruttle (37) but not, in our opinion, with that of the 
Fujii-Kuwada school or that of Darlington which is based on a diagram, 
Fig. 3, of Kuwada and Nakamura (26). Actually, as the authors have since 
recognized (personal communication), this diagram did not represent accur- 
ately the observations as described in the text. 

Somatic chromosomes have now clearly been shown to have a coiled 
structure like that of the major spiral of meiosis but they are generally of 
smaller diameter (12, 13, 14, 2). This somatic spiral has sometimes been 
termed a “minor spiral’”’ and has been identified by some authors with the 
minor spiral of meiosis (40, 8). Some confusion has in consequence resulted, 
especially as different hypotheses of spiralization relate the three kinds of 
spirals in different ways. Until their ontogenetic relationship is established, 
clarity is best preserved by referring to the spiral in the somatic chromosome 
as a “‘standard coil,” Nebel (36), or simply as a somatic coil. 
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The two chromatids of a prophase somatic chromosome are twisted about 
each other (i.e., they are extended interlocked coils turning in the same 
direction) forming what Darlington (5) has termed a ‘“‘relational coil.’’ His 
hypothesis, which includes a mechanism of crossing-over, postulates that 
the paired chromosomes of pachytene are also relationally coiled. The 
observational evidence for this is less secure. 

In Trillium erectum and some other plants without prolonged meiotic 
interkinesis, the major spirals of the second division are continuous in 
structure with those of the first division. Similarly the large-gyred spirals 
of microspore prophase are obviously derived from the major spirals of 
meiosis and Darlington (5) has aptly termed them “‘relic spirals”. Darlington’s 
“‘super-spirals’’, the larger waves that may be superimposed upon the relic 
spiral, are less definite structures. 


TeExtT-FIG. 1. (A) A plectonemtc coil (‘‘double-stranded” orthospiral). (B) A para- 
nemic coil (‘‘double-stranded”’ anorthospiral). In the former the component halves are inter- 
locked and form a relational coil when the gyres are partially straightened out. The two 
spirals of a paranemic pair are free to separate and therefore give independent strands 
when straightened out. 


Kuwada (25) describes two types of double-stranded spirals: (1) ortho- 
spirals, which are formed when the two threads being coiled have one end 
free so that internal twisting does not occur; (2) anorthospirals, which result 
when two strands with both ends fixed are coiled together and in consequence 
have a twist compensating for each gyre of the spiral (Text-fig. 1). Ortho- 
spirals are interlocked and cannot be separated without untwisting; anortho- 
spirals are independent and can readily be pulled apart or fitted into each other. 
When a pair of orthospirals is straightened out, it will give a pair of relation- 
ally twisted strands, whereas anorthospirals will give two independent 
strands. The term ‘“‘paranemic’”’ (para=beside) instead of anorthospiral will 
be used here since it is simpler and its implications are clear. Instead of 
orthospiral ‘‘plectonemic’”’ (plektos=twisted) will be used as this has the 
advantage of indicating the relationship of the strands both when in the 
major coil and when straightened out into the relational coil, twisted in the 
same direction, to which, as will be shown, it gives rise. Observations of 
relational coiling have been made by Darlington (5, 7), Sax (40), Husted 
(21, 22), Upcott (47), and Csik and Koller (3) but none of them has presented 
any very definite evidence or hypothesis of its mode of origin. 


Data on the molecular orientation within coiled chromosomes have been 
sought in studies with polarized light (27, 34, 42, 43, 44), but the evidence 
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in so far as it directly concerns coiling is too equivocal to be in any sense 
satisfactory. Apart from these studies, hypotheses relating coiling to mole- 
cular structure have relied on analogy or deductive chains of reasoning. 
Interpretation of the minor spirals which are near the limit of visibility 
has naturally varied considerably with the optical equipment, wave length 
of light, methods of fixation, and the material used, as well as with the opinions 
of the observers on other related problems such as the number of chromo- 
nemata within a chromosome or the time of “‘splitting’’. The authors have 
felt that before speculation proceeds further from such indefinite data, 
observations capable of statistical treatment should be made on larger 
structures about which little or no difference of opinion can exist in matters 
of interpretation. From such observations more rigid limiting requirements 
for hypotheses dealing with the smaller or submicroscopic structures can be 
laid down. So far such studies have comprised analyses of changes of direction 
in the large-gyred, ‘‘major”’ spiral of meiosis (20), of chromosome and chromo- 
nema length (50), and of the relationship of chromatids at successive chiasmata 
(18). These all follow on the general analysis of meiosis and preliminary 


work on changes of direction in Trillium erectum initiated by Huskins and _ 


Smith (19). The present study embodies (a) an extension of the work on 
length changes, (b) a detailed analysis of the coiled structure found in three 
successive divisions (two of meiosis and the first of the microspore), with 
special regard to the relationship between certain characteristics of the 
meiotic major coil and the origin of the microspore “relational coil’’, and (c) a 
comparison of microspore relational coils with those in mitotic chromosomes 
of the root tip. From these studies it has definitely been possible to rule out 
certain concepts which have, through constant repetition, gradually been 
acquiring acceptance as observational data. Further, it has already been 
possible to build up inductive hypotheses covering parts of the problem. 
Deductive hypotheses remain necessary at present for other parts, but we are 
becoming encouraged to think that an inductive! approach to the whole 
problem of the mechanism of mitosis and of the relation of somatic mitosis 
to meiosis is more possible than has sometimes been assumed. 


Materials and Methods 


Rhizomes of 7. erectum are collected near Ste. Agathe, Que., in September 
or October of each year, at which time their pollen mother cells are in pre- 
meiotic stages—they normally undergo meiosis in the late winter or very 
early spring. TJ. grandiflorum Salisb. was collected on Ile Perrot, Que., in 
early August. It ordinarily undergoes meiosis during September. The 
rhizomes were kept under various temperatures and conditions (Table I) 
until used. The time of onset of meiosis can be controlled to a considerable 
degree by temperature, but cannot be delayed indefinitely without actual 
freezing—some have undergone meiosis at temperatures as low as 2° C. 


_ 1It ts realized, of course, that there is no sharp line of demarcation between deductive and 
inductive methods but these terms are used to distinguish the two schools that exist in cytogenetics 
as in physics, cf. Dingle et al. (11). 
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Material was prepared according to 2BD-crystal violet, aceto-carmine, 
and Feulgen techniques. The 2BD-crystal violet schedule, essentially that 
employed by Huskins and Smith (19), gave excellent spiral structure in 
T. erectum but comparatively poor results in pollen mother cells of T. grandi- 
florum. The best preparations of various stages during the first division 
of the microspore were obtained by smearing fresh anthers, then fixing with 
3 : 1 alcohol-acetic fluid in a partial vacuum for three to seven minutes, re- 
placing the fixing fluid with 45% acetic acid and staining with iron aceto- 
carmine (45). Warmke’s (48) alcohol-hydrochloric acid method was used 
successfully to remove microspore walls where this was deemed necessary. 
Root tips were fixed in 3 : 1 alcohol—acetic at 60° C. and stained by the 
Feulgen method. 

Observations were made with Zeiss 1.5 mm., 1.3 N. A. and 3 mm., 1.4 
N. A. objectives combined with 7,15 and 20 X oculars. All drawings used 
for measurements were made with the camera ludica at magnifications of 
4000 and 3700X. All lengths given are totals for a complement of five 
chromosomes unless otherwise stated. For the most part photomicrographs 
were taken with a 7X ocular and a 3 mm., 1.4 N. A. objective. 

The following formula has been used in calculating lengths of coiled 


chromonemata: 
L= nN + (md)? 


where L=the length of the chromonema, =the number of gyres, p=pitch, 
and d=the gyre diameter measured as the outside diameter of the coil minus 
the diameter of the chromonema. Both diameters were the means of not 
less than five measurements per cell. In an earlier study (50) the magnifi- 
cation of errors that may arise through the use of this formula was pointed 
out and one-plane measurements were favoured. In the present study, 
particularly careful checking of the diameter of the major coil and of the 
chromonema itself has been carried out to minimize this effect. Although 
lengths (except means) have been given to the nearest micron, it should be 
emphasized that it is not considered that the measurements may not have an 
experimental error within such small limits. The authors agree with Manton 
(30) that exact determination of chromosome length is extremely difficult 
and consequently regard the data not as precise measurements but rather 
as close approximations. When they are used as relative lengths it is possible 
to reach conclusions on certain problems; the present paper is concerned 
with these rather than with the exact determination of length per se. 

As measurements were made from both aceto-carmine and 2BD-crystal 
violet preparations, it was deemed necessary to determine the relative degree 
to which these two fixatives alter the dimensions of the chromosome and 
chromonema. It is readily apparent that, relative to 2BD, acetic acid fixation 
swells both chromosomes and chromonemata. An estimate of the resultant 
difference in chromonema length has been obtained by comparing first 
anaphase lengths from 2BD-crystal violet and aceto-carmine preparations 
made from the same bud at the same time. These give a conversion factor 
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of 1.6. Since this factor is only an approximation and may be inaccurate 
when extended to other stages, it should be pointed out that the main con- 
clusions are not dependent upon the validity of the above factor, as there 
are enough data on material from the same fixative from which to draw most 
of the conclusions. 

Observations 
Length Changes 

It has been shown by Wilson and Huskins (50) that the chromonema 
elongates during the formation.of the major coil of meiosis. Further data 
have now been obtained on various stages in the development of the major 
coil, and the studies have been extended through the second division and the 
prophase of the first division of the microspore to include later length changes, 
unravelling of the relic coil, and elimination of relational twisting. 

A résumé of chromosome and chromonema lengths at various stages of 
meiosis and first microspore division is given in Table I. Except for an 
apparent elongation between leptotene and zygotene, contraction occurs 
during meiotic prophase, reaching a maximum at early diakinesis. Chromo- 
nema elongation occurs between early diakinesis and first anaphase followed 
by a slight contraction before second anaphase. By early microspore prophase 
further elongation has occurred. This is followed by the usual prophase 
contraction presumably associated with elimination of relic and relational 
coiling and the formation of a new somatic coil. 

Following this brief outline of length changes a detailed consideration 
of the various stages will be given- Lengths at early meiotic stages were 
calculated from the illustrations of Huskins and Smith (19). Pachytene 
lengths were measured from their drawings of whole chromosomes whereas 
zygotene and leptotene lengths were estimated from the interchromomeric 
distances in sections of chromosomes relative to these distances at pachytene. 
These estimates show an increase from 920y at leptotene to 1040u at zygotene 
followed by a decrease to 640u at pachytene. This contraction ratio of 16 : 10 
agrees remarkably well with the 15 : 10 ratio for corresponding stages found 
by Manton (30) in Osmunda. By diakinesis the chromosome is reduced to 
one-tenth of its zygotene length. This contraction, unlike that of somatic 
prophases is not accompanied by any visible coiling within the chromosome. 

The relationship of length changes between diakinesis and anaphase and 
the development of the major spiral have been discussed by Wilson and 
Huskins (50). Further observations on 140 diakinesis and 80 first anaphase 
chromosomes from four different plants of T. erectum (Figs. 1, 2, 3) are pre- 
sented in Table II. In each case, the mean chromonema length increases from 
diakinesis to anaphase whereas the mean chromosome length decreases 
slightly. When all the data are considered together the mean difference 
between chromonema lengths at the two stages is about 20 times the standard 


error. 
Coefficients of variability for diakinesis and first anaphase chromonema 
lengths have been calculated from all complements measured. The vari- 
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TABLE I 


CHROMOSOME AND CHROMONEMA LENGTHS* AND DETAILS OF MATERIAL 


Chromatid Approximate 
or Chromo- Year | temperature during: 
nema Material 
Stage chromosome col- 
and slide number 
lected ,  |Microspore 
A.C. | 2BD | A.C. | 2BD | Meiosis | mitosis a 
Trillium erectum 
In pollen mother 
3 cells: 
Leptotene 920 | 575 | H.&S. (19) Pl. I, Fig. 1 
: Zygotene 1040 | 650 | H. & S. (19) Pl. I, Fig. 2 
* Pachytene 640 | 400 | H. & S. (19) Text-fig. 3a, c, f 
Diplotene, late 186 | 116 | H. & S. (19) Text-fig. 2a 
| Diakinesis, mid 104 65| 160| 100| H. &S. (19) Pl. I, Fig. 8 
7 (corrected for chromo- 
{ some A) 
4 early 86 54| 109 68 | 58-4E-1 chrs. slightly 1937 i? Cc. 
| coiled 
$ early 106 66 133 83 | 58-Sd-3 chrs. slightly 1937 wc. 
a coiled 
4 mid 126 79 | 175} 109 | 65-L2-a chrs. half coiled 1938 | 20-22°C. 
mid 125| °78| 187] 117 | 66-T-81¢ chrs. half coiled, | 1939 | 8-10°C. 
Metaphase I 99 62| 200! H.&S. (19) Pl. III, Figs. 
; 22, 23 
: Anaphase I 99 62 320 200 | H. & S. (19) Pl. II, Fig. 18 ‘ 
i 86 54| 177 | 58-4E-1 1937 12°C. 
91 57 318 199 | 58-5d-3 1937 16° C. ; 
4 112 70 | 200 | 65-L2-a 1938 | 20-22° C. 
90 68 | 313 | 197 | 66-7-81-b and -c 1939 | 8-10°C. 
86 54] 368] 230] 66-T-72 1939 3-4° C. 3-4° C. 
93 58 | 342] 66-T-69-A 1939 3-4° C. 
84 52 | 349] 218 | 66-T-89-A 1939 3-4° C, 
Anaphase II 85 53 | 292| 183 | 58-Sd-3 1937 16°C. 
72 45 | 303] 189] 66-T-72 1939 3-4° C, 3-4° C. ae 
72 45 | 334] 209 | 66-T-87-A,B 1939 3-4°C, 
In microspores: 
Early prophase 549 343 | 1000 | 625 | 66-7-117-A 1939 4-7°C. | 13-14°C. 
452 | 282| — — | 66-T-72 1939 3-4°C.) 3-4°C. 
Metaphase 110 69} — — | 63-RC 1938 3° C.} 18-22°C. 
79 49); — — | 66-T-72-SB 1939 3-4° C. 3-4° C. 
Additional slides used in analyses of changes of 58-2E-1 1937 #7 <. 
direction 58-5H-3 1937 16° C. 
Trillium grandiflorum 
In pollen mother 
cells: 
Anaphase I 98 61 | 375] 234 | 69-G-34 1939 3-4° C, 
394 | 246 | 69-G-110 1939 ? 20-23° C, 
In microspores: ; 
Early prophase 467 | 292 69-G-100 and -104 1939 ? 20-23° C. ce 
Metaphase 80 50 69-G-95, -94, -100, 104 1939 ? 20-23° C. cm 
3 Note: Figures in bold-face type were calculated by use of the 2BD-aceto-carmine factor 1.6 
*All lengths are given in microns and are totals for a set of five. 
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ability at diakinesis is significantly greater (four times the standard error) 
than at anaphase, despite the fact that no late diakinetic stages were measured. 
This indicates clearly that the chromonema undergoes a greater length 
change during diakinesis than at anaphase. Chromonema length is more 
difficult to determine accurately in first metaphase chromosomes. The data 
so far accumulated indicate that it is approximately the same as at anaphase. 
It is therefore reasonable to assume the correctness of the general impression 
gathered earlier, that it is chiefly during diakinesis that elongation between 
diplotene and anaphase takes place. 


A determination of the exact amount of elongation between diakinesis 
and anaphase is hampered by two factors. The first is the fact that a waviness, 
obvious in the chromonemata of anaphase chromosomes, has not been taken 
into account in measuring lengths. The second difficulty is that, apart from 
errors of measurement, ratios determined from comparisons of any but the 
earliest and latest stages of elongation will obviously always be under- 
estimates of the total elongation. Anaphase length being relatively stable, 
variations in the anaphase/diakinesis ratio will be upward to an extent 
dependent upon the earliness of the stage of diakinesis measured. The ratio 
varies from 1.70 to 2.62 (Table II), when determined from the mean diakinesis 
and anaphase lengths in each of the four plants examined. It ranged as high 
as 3.2 in measurements in individual pairs of diakinesis and anaphase comple- 
ments from single plants. It seems reasonable to conclude, therefore, that, 
ignoring the minor waviness, chromonema elongation between earliest 
diakinesis and first anaphase is not less than threefold. 

Mean chromosome lengths are shorter at anaphase than diakinesis in all 
four materials of Table II. The ratios of anaphase to diakinesis lengths are 
not, however, significantly less than one, and chromosome contraction is, 
therefore, not statistically established. If there is a real change it is obscured 
by the high variability in chromosome length in different cells (correlated 
in part with diameter). Further, at diakinesis, opening-out between chiasmata 
reduces chromosome length if measured as the shortest distance from end 
to end, and efforts to take this factor into account by measuring loops along 
the chromatids failed to give significant results since they introduced further 
variability. The present data, although failing to show a significant change 
in length do not definitely rule out the possibility of a chromosome contraction 
between diakinesis and anaphase but indicate that if such a contraction does 
occur it must be of very limited magnitude. 

As there is normally no interkinetic resting stage in 7. erectum or in 
T. grandiflorum the major coil of first anaphase persists, through second 
anaphase (Fig. 4) with no marked change in the structure of the coil. 
However, when both stages are measured in cells from the same plant 
(Table III, 66—7-72), gyre number, chromonema length, and mean gyre 
length are all significantly less at second anaphase than at first, showing 
that a slight contraction has occurred. Chromonema lengths were also 
measured at either first or second anaphase in three other rhizomes (Table III) 
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which had been kept under the same conditions as 66-7-72. The data as 
a whole show the chromonemata to be shorter at second than at first anaphase 
but when different plants are compared the difference is not always statistically 
significant. 


TABLE IL 
LENGTHS OF CHROMONEMATA AT ANAPHASE AND OF CHROMATIDS AT MICROSPORE PROPHASE 
Mean 
es — Mean chromonema Mean 
Species Plart No. Jet Stage number or gyre 
ar of gyres chromatid length 
cells 
length 
T. erectum 66-T-72 5 Anaphase I 63.6 + 0.6 368 + 4.5 | 5.79 +0.05 
66-T-69 Anaphase T 64.8 + 1 342 + 11 5.29 +0.21 
66-T-89 5 Anaphase I 63.6 + 0.9 349 + 6 5.49 +0.16 
66-T-72 / 10 Anaphase I1 61.9 + 0.6 304 + 4.3 | 4.88 +0.10 
66-T-87 10 Anaphase IT 59.4 + 0.3 334 + 4.7] 5.62 +0.09 
66-T-72 10 Microspore 57.2 + 0.7 452 + 12 7.92 +0.16 
prophase 
61-T-117 7 Microspore 60.6 + 1.2 549 + 25 9.08 +0.24 
prophase 
T. grandiflorum 69-G-110 5 Anaphase I 62.6 + 1.6 | ' 394 + 12 6.32 +0.21 
69-G-34 Anaphase I 63.4 + 1.4 3.59 +0.11° 
37S = | £6. 
69-G-100,-104 10 Early micro- 2.4 467° + 17 8.96 +0.08 
spore prophase 
69-G-104 6 Later prophase 47.5 + 1.5 370 + 8 7.93 +0.18 


*Lengths for 69-G-34 are from 2BD-crystal violet preparations. Multiply by 1.6 to convert 
to aceto-carmine equivalents. 
**Calculated by use of the 2BD-aceto-carmine factor 1.6. 


The matrix! that envelops the major coil disappears after the second 
division of meiosis and a new matrix that follows the turns of the old major 
coil develops around each of the former half-chromatids. The relic coils of 
microspore prophase (Figs. 10, 11, 12, 19) persist to some degree until late 
prophase or early metaphase (Figs. 14 to 17), and the ‘‘chromatid lengths” 
are measured along the gyres of one of the two relationally coiled chromatids 
of each chromosome. Within these prophase chromatids wavy or loosely 
coiled chromonemata can be seen in some parts of the chromosomes of some 
preparations (Figs. 10, 11, 13, 26, 27). It has not been possible to differentiate 
chromonemata and matrix sufficiently clearly to obtain accurate measure- 
ments of chromonema length. From measurements of short segments they 
are estimated to be approximately the same length as zygotene chromo- 
nemata, i.e., about 1000u, whereas the maximum chromatid length was 652y, 
mean = 549u (Table III, 66—-7—117, the lower mean for 66—-7—72 is presumably 
due to the fact that the measured cells were fixed at a later stage). 


1 The authors do not take seriously Darlington’s (6) diatribe against the use of the term 
matrix, though they agree with him that it has often been used too loosely. Modern studies of 
ultra-violet absorption spectra may lead to a clarification of the nature and formation of the 
“matrix”. Meanwhile nothing is gained by ignoring its existence or by devising new terms 
such as kalymma (15), or perinema (38). 
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In addition to chromatid length the mean number of gyres and mean gyre 
lengths are given in Table III for early prophase nuclei for two rhizomes of 
T. erectum. Chromatid and mean gyre lengths in early prophase of the first 
microspore division are significantly greater than the corresponding measure- 
ments at either meiotic anaphase, even in comparisons between different 
plants. Differences in the mean number of gyres at meiosis and microspore 
prophase are not always significant in comparisons of different plants, but 
in the single case in which gyre number was obtained at meiosis and also at 
microspore prophase (66-7-72), there is a small but significant decrease. 
It is obvious that if elongation occurs at the time that gyres are being lost 
the mean gyre length must increase. This could be effected by an increase 
either in pitch or in gyre diameter, or by a combination of both. Apparent- 
ly both occur in the transition of the major coil to the relic during the interval 
between second anaphase and microspore early prophase of T. erectum. 

Similarly, chromonema and chromatid lengths have been measured in 
T. grandiflorum (Table III). The difference between anaphase chromo- 
nema and microspore prophase chromatid lengths is again significant, although 
anaphase lengths which vary relatively little are being compared with those 
in prophase stages which are undergoing contraction and hence are highly 
variable. At a relatively early stage of microspore prophase the chromatid 
has again contracted to less than the length of the chromonema at meiotic 
anaphase. The full extent of the elongation after second anaphase will there- 
fore be indicated only when the earliest prophase stages are measured and 
again almost all attempts to measure it will give underestimates. 


Relational Coiling 


The relic coils of early prophase usually show their two chromatids optically 
separate for short distances only and these mostly at the ends (Fig. 10, lower 
left). However, as prophase advances the doubleness becomes increasingly 
clear throughout (Figs. 13, 15, 20, 21) and it is seen that the two chromatids 
of the relic coil form a plectonemic spiral (Text-fig. 1A). During early pro- 
phase contraction the gyres decrease in both size and number and by mid- to 
late prophase relatively few remain (Figs. 17, 22, 23). Although some may be 
lost by unwinding it is obvious that for the most part gyres are being straight- 
ened out faster than their chromatids are untwisting. This gives rise to the 
relational twisting typical of late prophase (Figs. 15, 16, 22, 23, 28). The 
relational coil thus formed is, of course, in the same direction as the relic 
from which it was derived. The earliest stage at which direction of the 
relational twists could be determined in all chromosomes was about mid- 
prophase or, more precisely, at a chromatid length of about 200-250. 

Fifty-four complete microspore complements of T. grandiflorum, at stages 
varying from mid-prophase to metaphase, have been analysed for chromatid 
length, number and direction of relational twists, and mean intertwist distance. 
They were arranged in order of descending length and divided, for brevity 
in presentation, into four equal groups, totals and means for which are given 
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in Table IV. Results for the E chromosomes are given separately so that 
comparisons can be made with root tip data in which only this, the longest 
chromosome, was studied. The steady reduction in number of twists as 
If length is taken as an index of the 
: stage of mitosis, then the amount of relational coiling is found to be highly 


length decreases is obvious (Text-fig. 2). 


variable at all stages measured. 


Individual microspores ranged in total 
chromatid length from 214u at mid-prophase to 63u at metaphase, and the 


- number of twists from 48 to 0. Between the first and fourth group the mean 
length drops from 179.6 + 4.9 to 84.1 + 4.3 and the mean number of 


twists from 30.0 + 2.7 to 5.0 + 1.4. 


TABLE IV 


CHROMATID LENGTHS,* NUMBER OF TWISTS, NUMBER OF INTRABRACHIAL CHANGES IN DIRECTION, 
AND MEAN INTERTWIST DISTANCE IN THE RELATIONAL COIL OF MICROSPORE AND 


ROOT TIP CHROMOSOMES OF T. grandiflorum AND T. erectum 


Number Total Number | Number 
Material of cells length of twists of L/n T/n L/T+A** 
(n) (L) (T) changes 
T. grandiflorum 
a Microspores : 
si Group 1 il 1976 330 45 | 179.6 + 4.9] 30.0 + 2.7 5.1 
39 Group 2 11 1601 234 30 145.5 + 1.6 21.3 & 2.1 $.$ 
. Group 3 ll 1359 215 32 423:2 + 3.8 19.6 + 1.4 5.0 
Group 4 11 926 55 1 84.1 + 4.3 $8 + 1.4 8.4 
Total 44 5862 834 108 433.2 + 5.6 18.9 + 1.7 6.6 
Chr. E 44 1668 266 38 39 £ 1.6 6.0 + 0.6 5.4 
Root tip 
Chr. E 50 1844 252 15 36.9 + 0.5 5.0 = 1.0 6.1 
T. erectum 
Microspores* 
Group 1 18 3494.4 212 36 194.1 + 6.8 11.8 + 1.1 11.5 
Group 2 18 2612.8 128 9 145.2 + 1.3 7.2-2 8.7 11.9 
Group 3 18 2371.2 146 9 is1.7 + 6.8 6.2 & @.7 10.0 
Group 4 18 2112.0 135 10 117.3 + 1.8 7.3 288 9.4 
Total 72 10,590.4 626 64 147.0 + 3.8 6.6 + 8:5 10.7 
Chr. E 72 2954 184 22 40.6 +°1.1 2.5 + 0.14 11.5 
Root tip 
Chr. E 37 1516 175 12 41.0 + 0.6 4.74 0.3 7.1 


*The lengths given above for T. erectum microspore chromosomes have been converted from 
measurements made on 2BD-crystal violet preparations using the factor 1.6. All other measure- 
ments are from material fixed in alcohol—acetic or aceto-carmine. 


**4 = number of attachments; see text, p. 338. 


In an earlier analysis, made primarily to determine direction of relational 
twists and therefore not including completely untwisted metaphase chromo- 
somes (Fig. 18), similar data had been obtained from 72 complete 7. erectum 
microspores fixed in 2BD. Lengths have been converted into aceto-carmine 
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Prophase chromatid length 


TEXxtT-FIG. 2. Graph showing relationship between chromatid length and number of rela- 
tional twists in chromosomes of microspores of T. grandiflorum (solid circles) and T. erectum 
(hollow circles). The large circles are means for the Groups I to IV of Table IV. 


equivalents and the data divided into four groups of 18 each. The mean 
lengths of these correspond roughly to the mean group lengths in T. grandi- 
florum, with the exception, of course, of the fourth group whose mean is 
greater in T. erectum, since it did not include the latest untwisted metaphase 
stages. Individual microspores, in this species, ranged in total chromatid 
length from 269 at mid-prophase to 94y at the latest stage at which twists 
were still present. The number of twists ranged from 20 to 2. The mean 
length of the longest group was 194.1 + 6.8 and of the shortest 117.3 + 1.8. 
The mean number of twists in these two groups is 11.8 + 1.1 and7.5 + 0.9. 

From Table IV and Text-fig. 2 it is evident that the relationship between pro- 
phase contraction and loss of twists is different in the microspores of the two 
species. At early prophase the mean gyre length (of the relic coil) has been 
found to be approximately the same in both species (Table III). The initial 
frequency of twists per unit length should therefore be approximately the 
same in both if our conclusion that relational coiling derives from plectonemic 
coiling is correct. But at later prophase stages (Table IV, Groups 1 to 3) 
it is apparent that chromosomes of T. erectum have far fewer twists per unit 
length than have those of T. grandiflorum. It seems probable that the 
timing relationship between contraction, i.e., length, and untwisting differs 
somewhat in the two species. If length is used as a criterion of the stage of 
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mitosis, it appears that untwisting occurs earlier in T. erectum and proceeds 
more quickly at later stages in T. grandiflorum. 


The mean intertwist distances Ga) for whole complements have been 


calculated (Table IV) by dividing the chromatid length (LZ) by the number 
of relational twists (JT) plus the number of attachments (A). The means for 
comparable groups are seen to be consistently lower in 7. grandiflorum 
than in T. erectum, a further indication that untwisting takes place earlier 
in the latter. 

The E chromosomes from root tip cells of 7. erectum and T. grandiflorum 
have been analysed for comparison with microspore chromosomes (Tables 
IV and V). Partly on account of the double number of chromosomes in 
root tips (Fig. 29) it is much more difficult to obtain data on number and 
direction of twists from correspondingly early stages. There is consequently 
a much smaller range in chromatid length in the data presented. The range 
in number of relational twists, however, remains high and it is therefore 
difficult to determine a relationship between length and number of twists. 
Relic coils were observed in a large number of somatic chromosomes and, 
as in microspore relic coils, they were plectonemic in all cases. Positions 
where the relationally coiled chromatids still retain gyres of the relic coil 
are marked by an asterisk in Table V, which also gives the direction of twisting 
for all E chromosomes in both microspores and rvot tips in the two species. 
The most obvious difference between the relational coiling in root tip and 
in microspore chromosomes is the higher frequency of intrabrachial changes 
of direction in the latter (Table IX). 


The Direction of Coiling 

The direction of coiling in synaptic, desynaptic, and asynaptic Trillium 
has been discussed by Huskins and Wilson (20). Further studies on first 
and second anaphase and, in addition, on the relic spirals of first microspore 
division prophase of synaptic material have now been made and analysed as 
before. Table VI gives the mean number of gyres for a complement of five 
chromatids, the mean number of changes per cell, and the “effective” and 
true chiasma frequencies. ‘‘Effective’’ here refers te the effect that chiasmata 
have in permitting or causing changes of direction. If two chiasmata, or a 
chiasma and an attachment, are very close together (within one half-gyre 
length) they must act as a unit in this respect. The true chiasma frequency 
has been obtained from the analyses of camera lucida drawings of chromatids 
made by Dr. H. B. Newcombe. When chiasmata close together in these 
were counted as one, the frequency was almost identical with that obtained 
in rough counts made without drawing. The latter method was therefore 
used in collecting most of the data. 

The data from Table VI on changes in direction have been analysed (in Table 
VII) in a manner somewhat similar to that used by Huskins and Wilson (20) 
in their Table VII. The followinz modifications have, however, been intro- 
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duced: (1) the effective, instead of the true, chiasma frequency has been 
used in calculating the ‘number of changes assumed to be associated with 
chiasmata (Table VII, Column 4), (2) the subterminal attachment of A is 
omitted as it does not affect the number of changes, and (3) whole gyres have 
been used instead of half gyres. 


TABLE VII 


ANALYSIS OF CHANGES IN DIRECTION* OF THE MAJOR AND RELIC COILS OF T. erectum 


Mean Per cent sensed of Per ol 
number gyres Per cent | Changes ining |. 2¥Tes With 
of intra- with possible** | assumed intrabrachial 
Material brachial intra- changes to be of changes not 
changes | brachial | realized | associated changes associated 
per cell | changes with With 
chiasmata chiasmata 
Major coils 
Synaptic 
58-2E-1 24.8 17.4 11.6 14.4 10.4 
58-4E-1 29.4 17.9 11.0 17.6 11.8 2 
58-5H-3 30.0 73 | 14.1 20.0 10.0 7.0 
58-5d-3 37.8 20.6 12.9 7.5 20.3 11.0 
58-5d-3(AII) 32.0 19.0 12.1 “14.5 8.6 
65-L2-a 38.0 16.0 9.1 12.3 24.7 10.5 
H.&S. (19) and} 34.6 15.0 8.8 17.2 17.4 
Hunter (16) | 
Mean 18.1 11.4 | 8.4 
Desynaptic*** 24.5 18.5 .| 12.7 10-17 | 14.5-17.5 | 11.0-5.8 
Asynaptic*** | | 
Type 1 17.0 6.0 3.4 0.0 | 7.o | 6.0 
Type 2 34.0 8.1 4.5 0.0 | 34.0 | 8.1 
Mean 7.05 3.45 | 7.05 
Microspore | 
prophase relics 
66-7-117 29.6 19.4 12.7 17.0 12.6 8.3 
66-T-72 38.0 16.2 9.6 17.2 20.8 8.1 
Mean 17.8 11.95 8.2 


*Calculations based on the number of intrabrachial changes only, 1.e., an average of eight less 
(owing to the attachments) than the total number of changes observed for the whole complement 
(Table VI). 

**See text, p. 344, for method of calculation. 
*** Tuskins and Wilson (20). 


Knowing the effective chiasma frequency, and assuming that the direction 
of coiling is random on either side of chiasmata and attachments, as indicated 
by the data of Huskins and Wilson (20), the number of changes associated 
with each can be estimated. Considering only intrabrachial changes (Table 
VII, Column 1), i.e., eliminating interbrachial changes (those at the attach- 
ment), the percentage of gyres with changes (Table VII, Column 2) varies 
considerably between different materials. It reaches a mean of 18% in 
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normal synaptic material, but one of only 7% in asynaptic. The means for 
the same two materials are 8.4 and 7% respectively when only those intra- 
brachial changes not associated with chiasmata are considered (Table VII, 
Columns 5 and 6). From this it seems apparent that intrabrachial changes 
not associated with chiasmata are approximately proportional to gyre number 
and that the more extreme variations in frequency of changes are directly 
related to chiasma frequency. 


Changes of direction.in the relic coil (Figs. 10, 13, 19, 20) have been 
analysed for comparison with changes at first meiotic anaphase (Table VII). 
The mean percentages of gyres with intrabrachial changes are 17.8% for 
relic and 18.1% for the major coil. It has been previously shown that the 
mean number of gyres at early microspore prophase is only slightly less than 
at second anaphase (Table III, 66—7—72). These data provide direct evidence 
that the coils of microspore prophase are really relics of the major coil of 
meiosis, as Darlington’s name for them implies. 


TABLE VIII 


DIRECTION OF RELATIONAL TWISTS AT ATTACHMENT REGIONS IN MICROSPORE CHROMOSOMES 
AND IN ROOT TIP E CHROMOSOMES OF T. grandiflorum AND T. erectum 


1 Ra R.U L.U 
R.R or or or U.U 
L.R U.R UL 
Microspores 
T. grandiflorum B 16 7 10 2 4 5 
Cc 9 9 7 5 8 6 
D 8 11 8 9 1 7 
E 4 22 12 1 1 4 
Total 37 49 37 17 14 22 
T. erectum B 5 1 a 35 14 14 
Cc 6 11 7 20 17 12 
D 9 12 5 17 14 16 
E 9 = 15 8 15 0 
Total 29 49 31 80 60 42 
Root tips 
T: grandiflorum E 7 25 12 a 2 0 
T. erectum E 12 19 a. 2 1 


The direction of relational twisting has been analysed in order to determine, 
first, if the direction of coiling is at random across the attachment (Table 
VIII) and, secondly, whether there is any significant deviation from random- 
ness in the total numbers of right and left twists (Table IX). If there were 
no inherent tendency for a chromosome or a chromosome arm to coil more in 
one direction than the other in those chromosomes without changes at the 
attachment, the number of R.R’s should be equal to the number of L.L’s. 
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TABLE IX 


NUMBERS OF RIGHT AND LEFT RELATIONAL TWISTS IN MICROSPORE AND ROOT TIP 
CHROMOSOMES OF T. grandiflorum AND T. erectum 


A B Cc D E Total 

Microspores 

T. grandiflorum 54 | 69 | 74 | 81 | 55 | 61 | 85 | 89 | 121 | 145 | 389 | 445 

T. erectum 61 | 45 | 68 | 44 | 50 | 58 | 66 | S51 86 95 | 331 | 293 

AtoD 
R L 

Root tips 

T. grandiflorum 72 55 124 | 127 | 196 | 182 

T. erectum 62 52 105 68 | 167 | 120 


If coiling were random across the attachment we should expect the number 
of chromosomes with their proximal twists in the same direction (R.R and 
L.L) to be equal to the number which have a change of direction (R.L and 
L.R) at the attachment. In both species B chromosomes without changes 
are in excess but the numbers, in T. erectum, are too small to be reliable. It 
may be significant that the B chromosome has a submedian attachment 
whereas C, D, and E, which tend towards equality, have more nearly median 
attachments. The attachment therefore appears to be a point of random 
change in chromosomes C, D, and E but possibly not in B. In chromosomes 
without changes at the attachment the observed numbers of R.R and L.L 
deviated significantly from equality in only one instance, the root tip E 
chromosome of 7. erectum. However, the numbers are too small to be very 
reliable and when the root tip E chromosomes of both species are considered 
together, the numbers fit a 1:1 ratio. So far only twists proximal to 
the attachments have been considered, but when all twists are considered 
(Table [X) there is still a random distribution of right and left twists in all 
but two of the 14 totals. In 7. erectum the B chromosome of the microspores 
and the E chromosome of the root tips have an excess of right-handed twists. 


An analysis of intrabrachial changes of direction in relational twisting has 
been made in microspore and root tip chromosomes of both species. Direction 
of twisting in the E chromosome has been given in Table V, and the frequency 
of changes, when two or more twists are present in an arm, is given in Table X 
as the mean number of twists for each change of direction. The latter table 
shows that the frequency of reversals in microspore chromosomes is more 
than twice that of the root tip E chromosome. 


Frequencies of intrabrachial changes of direction have been obtained from 
both the major and relational coils (Table VII and XI). In order to compare 
such frequencies it seems advisable to express both in the same terms by 
transposing the gyres of the major coil into their equivalent number of re- 
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lational twists. In a plectonemic coil an arm of m gyres will, in the absence 
of unwinding, give a relational coil of 2m — 1 relational twists if no changes 
of direction are present. Each change of direction in the plectonemic coil 
will reduce by one the equivalent number of relational twists, i.e., a major 
coil will give a maximum number of relational twists when no changes of 
direction are present. 


TABLE X 
FREQUENCY OF INTRABRACHIAL CHANGES OF DIRECTION IN MICROSPORE AND ROOT TIP 
CHROMOSOMES 
Number of Number of Mean number 
= relational intrabrachial of twists 
twists* changes per change 
Microspores 
T. grandiflorum 
E chromosome 254 38 6.7 
All chromosomes 750 104 4:2 
T. erectum 
E chromosome 104 21 4.8 
All chromosomes 344 56 6.2 
Root tips 
T. grandiflorum 
E chromosome 233 15 55.5 
T. erectum 
E chromosome 162 12 14.5 


* Considering only arms with two or more twists. 


TABLE XI 


ANALYSIS OF INTRABRACHIAL CHANGES OF DIRECTION IN MICROSPORE CHROMOSOME ARMS 
HAVING TWO OR MORE RELATIONAL TWISTS 


Number Mean Fer- 
of |Number Number of arms with: Total | number | centage 
Species twists of number of of 
per arms of twists | possible 
arm All All One Two Three | changes per changes 
R's L's change | changes | changes change | realized 
T. grandifiorum 2 89 34 34 21 0 0 21 8.5 24 
3 62 i6 17 27 2 0 31 6.0 25 : 
4 31 7 8 13 3 0 19 6.5 20 
5 25 3 7 il 4 0 19 6.6 19 
6-7 14 3 1 6 4 0 14 6.1 18 
8-11 5 2 0 0 3 0 6 7.7 15 
T. erectum 2 115 44 37 34 0 0 34 6.8 30 
3 26 7 8 8 3 0 14 5.6 27 
4 9 3 2 2 2 8 4.5 30 
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The number of possible changes of direction in one arm of a relational coil 
is one less than the number of twists. Therefore in an arm with 2” — 1 
relational twists, there will be 2” — 2 different pairs of adjacent twists and 
for a complement of a arms 2” — 2a where n is the total number of gyres in 
each case. As the number of changes in direction cannot exceed the number 
of pairs of adjacent twists the number of changes can be expressed as a per- 
centage of the total number of pairs, or, in other words, as the percentage 
of possible changes realized. In Tables VII and XII changes in the major and 
relic coils have been expressed as a percentage of changes in a relational coil, 
or coils, whose maximum number of possible changes is 2m — 2a (this is, of 
course, the number of adjacent pairs of twists). The values obtained 
(Table VII, Column 3, and Table XII, right-hand column) can be compared 
directly with the percentage of possible changes actually realized (Table XI) 
in the relational coils studied at microspore prophase. 


TABLE XII 


INTRABRACHIAL CHANGES OF DIRECTION IN ARMS WITH 2 TO 11 GYRES, ! FROM FIRST 
ANAPHASE OF T. erectum (66-T-81-c) 


Number Total Total Calculated Percentage of 
of gyres Number — number number of possible 
per of arms of possible changes 
arm | a changes changes realized 
2 29 | 58 . 2 58 3.5 
a 38 114 8 152 §.3 
4 64 | 256 39 384 10.2 
5 36 180 29 288 10.4 
6 24 204 26 240 10.8 
7 50 350 71 600 11.8 
8 59 472 84 826 10.2 
9 41 | 369 72 656 11.0 
10 9 90 19 162 11.7 
cS 3 | 33 6 60 10.0 
Total 353 | 2126 356 3426 Mean =10.4 


In Table XI the frequency of interstitial changes*observed in the relational 
coils has been analysed by grouping all chromosome arms that have the 
same number of twists. The 7. erectum data comprise only arms with 2, 3, 
or 4 twists. In these an average of 29% of the possible total number of 
changes is realized. In 7. grandiflorum as many as 11 twists were found in 
one arm. In those with 2, 3, and 4 twists 23% of the possible number of 
changes is realized. In arms with 8 to 11 twists, only 15% is realized—for 
the complete range see Table XI. The decrease for each extra twist is small 
but the trend is constant and it is steadily approaching the percentage found 
in the major or relic coil of T. erectum (approximately 11%, Tables VII and 
XII). It therefore seems probable that, if sufficient observations could be 
made at earlier stages in the development of the relational coil before untwist- 
ing occurs, it might reach the same figure. 
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A similar analysis of intrabrachial changes in direction in the major coil 
has been made by grouping together all arms that have the same number of 
gyres and calculating the “‘percentage of possible changes realized’’ for each 
group (Table XII). The percentage realized increases from 3.5 to 10.2 as 
the number of gyres increases from two to four, but there is no appreciable 
further increase in arms with more than four gyres. It seems apparent, 
therefore, that in the relational coil the increase in the percentage of possible 
changes realized in arms with a small number of twists (Table XI) cannot 
be attributed to a higher frequency of major coil changes in the shorter arms. 
Chronologically, during prophase, the frequency of changes in the relational 
coil increases as the number of twists decreases. This must be taken to mean 
that a larger proportion of twists than changes are being eliminated. The 
obvious interpretation is, that during prophase, untwisting or cancellation 
of relational twists takes place at intrabrachial changes of direction. This 
occurs when wire models of plectonemic coils are drawn out into relational 
coils. 

Discussion 
The Major Spiral 

Meiotic prophase contractions prior to the formation of the major coil 
have been measured by several workers. These have been summarized by 
Darlington and Upcott (10, Table I) and will not be repeated here. Relatively 
little attention, however, has been given to elongation, although Belar (1) 
suggested in 1928 that it might be related to spiral formation. Wilson and 
Huskins (50) demonstrated chromonema elongation during the formation of 
the major coil. They reported the chromonema to elongate to at least twice 
its former length (at diakinesis) whereas additional measurements by the pres- 
ent authors show that the increase between diakinesis and first anaphase! is 
probably not less than threefold. 

In comparisons of chromosome lengths made between individual comple- 
ments of any one plant only 75% are shorter at first anaphase than at 
diakinesis. The mean anaphase lengths, however, are consistently shorter, 
which indicates that a slight contraction of the matrix may occur in Trillium. 
It cannot compare in magnitude with that found in Tradescantia by Sax and 
Humphrey (41) and Wilson (unpublished). 

Further analyses of changes of direction of the major coil at first anaphase 
give results in complete agreement with those of Huskins and Wilson (20) 
who conclude that chiasmata and the attachment are points of random change 
and that in addition there occur a number of changes that are proportional 
to the number of gyres. The frequency of changes of direction in a limited 
number of second anaphase and microspore relic coils agrees very well with 
the frequency at first anaphase. Direct evidence is therefore provided that 
in Trillium the microspore prophase spiral actually is a relic of the major coil 

1 See footnote in Wilson and Huskins (50, p. 268) for discussion regarding the nature of this 
elongation. 
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of meiosis. In forms having an extended interkinesis it is presumably a relic 
of the standard coil of the second division. 


The direction of coiling of the major spiral of T. kamtschaticum has been 
analysed by Matsuura (32, 33). He concluded (33) that the number of 
changes is a function of the length of the chromosome arm (the equivalent 
of Huskins and Wilson’s third factor) and that their origin is apparently 
fortuitous and bears no relationship to chiasmata. It may be pointed out, 
however, that this species of Trillium has a very low chiasma frequency. 
Changes associated with chiasmata would therefore be relatively few and 
hence would not significantly alter the expectation based on length. The 
authors have analysed the data from Matsuura’s (32) Table III for the 
position of changes in what they call the E chromosome (his A) and have 
found the frequency significantly greater between the third and fourth and 
between the fourth and fifth gyres (from the attachment) than in any other 
region. There is frequently a chiasma at approximately each of these positions 
in both arms of the bivalent. 

The data from the major and relational coils are incompatible with. 
hypotheses, such as those of Darlington (5) and MacKnight (29), that assume 
coiling to be produced by an internal torsion with its direction controlled from 
the centromere or attachment (though it is possible that the position of the 
attachment may affect relative direction of coiling in the two arms). That 
an explanation of coiling based on this assumption runs into serious difficulties 
has already been recognized by Darlington (8, p. 491). The possibility of 
a spiral molecular structure within- the chromonema remains, however, and 
Nebel’s (35) hypothesis, which is in some respects similar, but allows for 
intrabrachial changes of direction, cannot entirely be ruled out by the data 
presented here. However, the association that has been found between 
chiasmata and changes of direction very greatly reduces its plausibility, or 
else demands important extension and modification of it. 

As a partial and provisional hypothesis, Wilson and Huskins (50) suggest 
that coiling results from elongation taking place within a confined space 
bounded by the pellicle. The chief function of the pellicle may be to regulate 
the structure of the spiral and ensure the evenness of its diameter; that it 
is intimately related to spiralization is indicated by the observation that in 
material that failed to develop matrix and pellicle as a result of high temper- 
ature a mere waviness replaced the usual spiral (Figs. 6 and 7; also Wilson 
and Huskins, 50). The primary requirements of such an hypothesis of 
coiling would be (a) the existence of a pellicle, (6) elongation of the enclosed 
chromonema, and (c) a resiliency sufficient to prevent the chromonema from 
folding instead of coiling. There is now evidence for all of these requirements. 
Before attempting to formulate any more definite hypothesis of coiling 
however, it is desirable to have more data on the somatic coil of microspore 
and root tip chromosomes. If an hypothesis consistent with a wide range of 
well established microscopic data can be formulated, the way will then be 
clear for combining this with biophysical and microchemical data. Such a 


- 
te 
4 
we 
i 


SPARROW, HUSKINS, AND WILSON: CHROMOSOME SPIRALIZATION 347 


combination will allow incursions, more well founded than have so far been 
possible, into the problem of the submicroscopic factors which underlie the 
visible. 

Relational Coiling 

Since the chromatids which are relationally coiled at microspore prophase 
are the product of the tertiary split of meiosis (Figs. 5, 8) it is obvious that the 
arrangement, in the major and relic coils, of the resultant half-chromatids 
must bear an intimate relationship to the mechanism of relational coiling. 
Text-fig. 1A illustrates diagrammatically how a relational coil can result from 
drawing out the gyres of a plectonemic coil. If it is assumed that the 
relational coil at microspore prophase originates in a similar manner from a 
plectonemic relic coil it is apparent that relational twists would not compensate 
for the relic coils, except across changes in direction. In accord with this 
assumption was the complete absence of compensating relational twists in 
arms or regions devoid of changes in direction. These observations do not 
agree with Darlington’s (5) assumption that relational twists are compen- 
satory. He observes that ‘‘relational spirals can sometimes be seen in the 
same direction as relic spirals’’ and he, therefore, has to ascribe non-compen- 
sating relational twists to a secondary slipping of the chromatids around 
one another while the relic coil is still present. This assumption does not 
appear to be based on observations: ‘“‘the relic spirals tmply [the authors’ 
italics] the existence of a compensating relational spiral of chromatids in the 
opposite direction’. In any case this explanation is not valid for Trillium 
because the tertiary split, sometimes visible in the major coil, results in a 
plectonemic spiral. If compensating relational twists are present at a later 
stage they must be developed secondarily and not the non-compensating type 
as Darlington suggests. 

Upcott (47) has made a study of relational and relic coiling in Hyacinthus 
and found 95 nucleolar chromosomes ‘‘with coils of recognizable direction. 
With three exceptions, these showed no change of direction of relic coiling 
within a chromosome arm’’. Later these three exceptions are ignored and 
she states that ‘‘the fact that there is no change of direction in the relic 
coiling except at the centromere implies that at the previous division, which 
was meiosis, the internal coiling from which these coils are presumed to be 
derived is consistent in direction’. Changes in direction of the relational 
coil she attributes to there being two kinds of relational coiling, the first, 
she assumes, compensates for the relic and is in the opposite direction, 
whereas “‘true relational coiling’”’ is brought about by the development of the 
new internal coil. This is a restatement of Darlington’s (5) wholly deductive 
hypothesis. It would seem to us much simpler to consider relational coiling 
to be of only one type, whose origin may be traced directly to the plectonemic 
relic coil, and hence back to the major coil of meiosis. Intrabrachial changes 
of direction being present in the antecedent coils it should, on this basis, be 
expected that there would be changes of direction in the relational coil, and, 
therefore, no great significance can be attached to the fact that the relational 
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coiling of one region within a chromosome arm may be in the opposite 
direction to relic coils of another region. Neither can we agree with Upcott 
that the direction of coiling in one division has an indeterminate relationship 
with that of the next. 

With the possible exception of the microspore B chromosome the direction 
of relational coiling is random across the attachment in both 7. erectum and 
T. grandiflorum as reported for the major coil of T. kamtschaticum by Matsuura 
(31, 33). There is no obvious explanation for the apparently anomalous 
behaviour of the B chromosome, but it may be associated with the non-median 
position of the attachment. It seems not unlikely that in chromosomes 
with arms of very different length the direction of coiling in one arm may 
affect the direction of coiling in the other. Unfortunately, this possibility 
cannot be tested in the present materials, since chromosomes C, D, and E 
have their attachments nearer the median position and in the A chromosome 
it is so nearly terminal that the direction of coiling cannot be determined in 
the short arm. Further work is required to settle the problem. 


The proportion of intrabrachial changes of direction in the relational coil 
is higher than in the relic (or major) coil when changes in both are expressed 
in the same terms, i.e., as the percentage of possible changes realized. The 
percentage in the relational coil does not, however, appear to be stable, though 
this has not been established statistically. It appears to increase with a 
decrease in the number of twists and in arms with the greatest number of 
twists it approaches the percentage found in the major coil. When a model 
plectonemic spiral with changes of direction is pulled out into a relational 
coil it unwinds from the changes and thus increases the number of changes 
relative to the number of twists. This seems to provide the obvious explan- 
ation of the difference in frequency of intrabrachial changes between the 
relational and relic coils. 

The frequency of intrabrachial changes of direction in the relational coils 
of root tip chromosomes is about one-half that of microspore chromosomes. 
If changes in the latter are sequential to those in the major coil, some of them 
must be due to chiasmata. Since this factor would be inoperative in root tip 
cells the frequency of changes of direction in their chromosomes would, other 
things being equal, be expected to be less than in microspores. The difference 
in diameter between the somatic and major coils may, however, contribute 
to the difference in frequency of changes in direction. 


The relational coil of the first microspore division in Trillium is clearly 
preceded by a plectonemic coil from which it is apparently derived. The 
microspore relic coils of JT. undulatum, Aloe, Gasteria, and Tradescantia have 
also been found to be plectonemic in all of a relatively small number examined. 
Although preparations have not yet been obtained in which the somatic 
coil can be analysed directly, wherever the two chromatids of somatic prophase 
relic coils can be distinctly observed in gyres of regular spiral form their 
relationship is plectonemic. Further, White (49) illustrates plectonemic 
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PLATE I 


Magnification, Figs. 1 to 5,8: 1000 X; Figs. 6,7: 1450 X; Fig. 9: ca. 1200 X. Figs.”5 
and 8 are from T. grandiflorum, the remainder from T. erectum. All figures from 2BD-crystal 
violet preparations. 

Fic. 1. An early stage in coiling. 

Fic. 2. Coiling about half completed. Note unpaired A chromosomes. 

Fic. 3. Coiling completed. 

Fic. 4. Second anaphase. 

Fics. 5 and 8. First anaphase in T. grandiflorum. Note the tertiary split marked by 
arrows. 


Fics. 6 and 7. Abnormal first metaphase and first anaphase without major coiling. See 
text, page 346. Cf. Wilson and Huskins (50), Pl. IV, Figs. 24, 26, and 27 to 32. Note the 
tertiary split near lower left corner of Fig. 6. 

Fic. 9. A first anaphase from desynaptic T. erectum material of Huskins and Wilson 
(20), showing interlocked half-chromatid spirals formed by the tertiary split. 
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PLATE II 


Progressive stages from early prophase to metaphase in microspores of T. erectum. Lengths 
given were calculated from camera lucida drawings of aceto-carmine preparations. Figs. 10 
to 13 are from 66—T-117 and 14 to 18 are from 66-1T-72. Magnification, 1000 X. From 
aceto-carmine preparations. 

Fics. 10, 11, and 12. Early prophases (565, 498, and 463, respectively) showing relic 
coils. In Fig. 11 only the upper level of the nucleus is in focus. 

Fic. 13. Prophase (383m) showing relic coils and tertiary split (plectonemic spiral). 
The gyres are somewhat more straightened out and the twisting of the chromatids about each 
other 1s now apparent. 

Fics. 14 to 16. Progressively later stages (259, 193, and 143, respectively) with fewer 
relics and relational twists. The split is now very clear. Figs. 15 a and b are different levels 
of the same cell. 

Fic. 17. Late prophase (123). Note especially the smaller chromatid diameter (‘‘differ- 
ential reactivity” ) at one end of the C chromosome. Cf. Darlington and La Cour (9). 

Fic. 18. Metaphase (794). Relic coils and relational twists have been completely 
eliminated. Note indications of spiral structure within the chromatids. 
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PLATE III 


2i 22. 


Progressive stages from prophase to metaphase in microspores of T. grandiflorum. 
Magnification, 1000 X. From aceto-carmine preparations. 


Fic. 19. Prophase (346m) showing chromosomes in the polar arrangement of the pre- 
ceding anaphase, relic coils, and tertiary split. 


Fic. 20. Later prophase (ca. 290m), relics partially straightened out showing them to be 
plectonemic. 


Fics. 21 to 23. Progressive stages of contraction (187, 131, and 103, respectively ) in cells 
from Groups 1, 3, and 4, respectively, of Table IV. Note the high variation in intertwist 
distance. 


Fic. 24. Metaphase (79). Note failure of attachment region to stain and indications 
of spiral structure. 
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PLATE IV 


Magnification, Figs. 25, 28, 29: 1000 X; Fig. 26: 1450 X; Fig. 27: 920 X. Fig. 27 ts 
from T. erectum and the rest are from T. grandiflorum. Figs. 25 to 28 from aceto-carmine 
preparations. Fig. 29 is from a root tip smear stained by the Feulgen method. 


Fic. 25. Metaphase (63) from 69-G-104. This microspore metaphase is the shortest 
one measured. 


Fics. 26 and 27. Microspore prophases showing relics, tertiary split, and wavy or 
corrugated chromonema. Note the changes of direction in the relic coil in Fig. 27. 


Fic. 28. Exceptionally clear relational coiling in the B, D, and E chromosomes of a giant 
microspore with nine chromosomes. 


Fic. 29. Reol tip chromosomes at beginning of anaphase showing relational twisting 
(length of haploid complement 144 ). 
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relic coils in spermatogonial prophases of certain Orthoptera. It seems not 
unlikely therefore that prophase chromatid relational coiling is, in general, 
preceded by and derived from a plectonemic spiral. 
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CHROMOSOME BEHAVIOUR IN F, WHEAT HYBRIDS - 
I. PENTAPLOIDS! 
By R. MERTON Love? 


Abstract 


Meiosis was studied in varieties of Triticum vulgare (2n = 42), T. dicoccum 
(2n = 28), T. durum (2n = 28), T. Timopheevi (2n = 28), and in 16 of their 
pentaploid hybrids as part of a study in an attempt to establish criteria indicating 
relationships between 42- and 28-chromosome wheats, with particular reference 
to the possible relationship of the new 42-chromosome wheat, McMurachy’s 
Selection, to T. dicoccum or T. durum. 
One plant each of T. vulgare var. Hope and Marquillo had only 41 chromosomes. 
One plant of T. durum var. Pentad had three times as many unpaired chromo- 
somes as the other plants of this variety. ne 
A nucleus with 14 pairs and 7 univalents was not detected among the 86 pollen : 
mother cells analysed in the cross involving T. Timopheevi. In the remaining 
crosses the frequency of this association of chromosomes was lowest in the three it 
hybrids involving T. durum var. Pentad, greater in the three involving T. dicoc- a 
cum var. Khapli, still greater in the three involving 7. dicoccum var. Vernal, 
and greatest in the nine hybrids involving T. durum var. Iumillo. 


Of the seven “‘extra chromosomes” of T. vulgare only six remained unpaired 
in some pollen mother cells of the hybrids involving Vernal or Iumillo and five 
in those involving Khapli or Pentad. One pollen mother cell of Fi; Marquis X 
Pentad contained only four unpaired chromosomes. 

Associations of four chromosomes were rare in some, and not seen at all in 
others, of the hybrids involving Vernal or Iumillo, more frequent in hybrids 
involving Khapli, and very frequent in hybrids involving Pentad. In the latter, 
from 47 to 57% of the nuclei had from one to three such multiple associations, and 
even chains of five and six chromosomes were observed. 

Fragmentation of unpaired chromosomes at or in the spindle fibre attachment 
region was observed in a number of first anaphase figures. 


There were statistically significant differences in the frequencies of occurrence 
< micronuclei in tetrads of the 15 hybrids studied at the second reduction 

ivision. 

The crosses R.L. 1544 (genetically related to T. durum var. Iumillo) X Iumillo 
and Hope (genetically related to 7. dicoccum var. Vernal) X Vernal were u 
as standards for comparison. On the basis of the results, the following 
criteria were used in attempting to establish relationships between the other 42- 
and 28-chromosome wheats: (1) the percentage of pollen mother cells with 
14 pairs and 7 univalents (greatest in the hybrids between related varieties); 
(2) the average number of chromosomes involved in multiple associations (lowest 
in hybrids between related varieties); (3) fertility (greatest in hybrids between 
related varieties). McMurachy’s Selection appeared to be most closely related 
to T. durum var. Iumillo. On the basis of Criteria (1) and (2), Marquis appears 
to be more closely related to T. dicoccum var. Vernal than to T. durum var. 


Iumillo, but in respect of fertility it seems closer to the latter. "i 

i Chromosome behaviour in the 16 hybrids cannot be neatly summarized. Even 

varieties within a species gave different results—results that are not in agreement - a 
with earlier published reports on chromosome behaviour in pentaploid wheat ee 


hybrids in which it has been stated that 14 bivalents and 7 univalents are most 
commonly found. The difficulties encountered in attempting to establish 
criteria indicating relationships between the 42- and 28-chromosome wheats sug- 
gest that the utmost caution must be used in drawing phylogenetic conclusicns 
on the basis of such data. 


1 Manuscript received April 25, 1941. we 
Contribution No. 119 from the Cereal Division, Experimental Farms Service, Dominion 
Department of Agriculture, Ottawa. Part of a paper read before the Plant Breeding Section of 
the Seventh International Congress of Genetics, Edinburgh, Scotland, August, 1939. 
2 Formerly Assistant Agricultural Scientist, Cereal Division, Ottawa; now Assistant 
Professor of Agronomy and Assistant Agronomist in the Experiment Station, Division of 
Agronomy, College of Agriculture, University of California, Dams, Calif., U.S.A. 
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Introduction 


Cytological studies conducted by the writer (16, 18, 21) on Vulgare-like 
derivatives of the crosses Triticum vulgare var. R.L. 729, Hope, Marquillo, 
and Marquis X 7. durum var. Iumillo have shown many plants of the fifth 
to seventh generations to be heterozygous for differences in the arrangement 
of chromosome segments. This was evidenced by the presence of inversion 
bridges and accompanying fragments, associations of three and four chromo- 
somes (the latter forming chains or rings), chromosomes deficient for one 
complete arm, and chromosomes with a deficiency of one arm and a duplication 
of the other. All these types of aberration were transmitted from parent 
to progeny in some instances. Since the results referred to above could 
hardly be expected on the basis of previously reported accounts on the 
behaviour of chromosomes in similar hybrids (cf. the review by Aase (1) ), 
these crosses were repeated and the F; plants examined in detail cytologically. 

There was also studied a series of crosses in an attempt to obtain evidence 
concerning the species involved in the origin of the variety McMurachy’s | 
Selection (2n = 42). This variety was recently found in a field of Triticum 
vulgare var. Garnet in Western Canada (20). It is unusual in that it is 
virtually immune to wheat stem rust under field conditions in Western Canada, 
but it resembles Garnet wheat in some morphological characters, in its 
breeding behaviour, and also in baking quality. It seems probable that this 
strain resulted from a natural cross between Garnet and some other wheat 
variety possessing stem rust resistance. This unknown parent may have 
been a variety of 7. vulgare, T. dicoccum, or T. durum. The results of the 
interspecific crosses relating to the problem are reported in this paper. 

Studies are being conducted at the Cereal Division, Ottawa, involving 
the 28-chromosome wheat, T. Timopheevi Zhuk. At the request of Mr. 
J. G. C. Fraser, the hybrid between T. vulgare var. Canus and T. Timopheevi 
was examined cytologically. Cytological data on this hybrid, though few, 
are presented for comparison with those obtained on the other hybrids. 


Materials and Methods 
PARENTS 
Parental varieties were selected to represent the species that might have 
been involved in the natural cross from which McMurachy’s Selection was 


derived, namely, Triticum dicoccum Schiilb., T. durum Desf., and T. vulgare 
Host. These were as outlined below. 


Vernal (R.L. 216)* and Khapli (R.L. 653) representing 7. dicoccum. 
Iumillo (R.L. 7) and Pentad (R.L. 203) representing T. durum. 


* Dominion Rust Laboratory Accession Number. The origin of the selections of the varieties 
one ts given here since it is possible that the same crosses with other selections might give different 
results. 
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Marquis (R.L. 84) representing varieties of T. vulgare that have not been 
derived from crosses with the 28-chromosome wheats. It was derived from 
the intraspecific hybrid Hard Red Calcutta X Red Fife (2, 19). 

Hope (R.L. 209) representing varieties of T. vulgare derived from crosses 
with JT. dicoccum. It was derived from the hybrid Marquis xX Yaroslav 
(Vernal) Emmer (5). 

R.L. 1544, a selection from the cross Marquis X Iumillo (21), representing 
varieties of T. vulgare derived from crosses with T. durum. 


McMurachy’s Selection (R.L. 1313) was of course also used. 


In addition, the following varieties of T. vulgare were used as parents in 
crosses with Iumillo: Marquillo (R.L. 1943), derived from a Marquis X 
Iumillo cross (2), and R.L. 729, a Dominion Rust Laboratory selection from 
the cross Marquis X Pentad. Canus was crossed with T. Timopheevi. The 
former was not analysed cytologically and only one plant of the latter was 
examined. 

Hysrips 


T. vulgare X T. dicoccum 


1. Hope X Vernal 4. Hope X Khapli 
2. Marquis X Vernal 5. Marquis X Khapli 
3. McMurachy X Vernal 6. McMurachy X Khapli 


Hope is related to T. dicoccum and Marquis is not. The crosses involving 
these two varieties were intended to serve as standards with which to compare 
the crosses involving McMurachy. 


T. vulgare X T. durum 


7. R.L. 1544 X Iumillo 10. R.L. 1544 X Pentad 
8. Marquis X Iumillo 11. Marquis X Pentad 
9. McMurachy X Iumillo 12. McMurachy X Pentad 


In this series, R.L. 1544 is related to 7. durum and Marquis is not. The 
crosses involving these two varieties were intended to serve as checks. 


In addition, the following hybrids were studied: 


13. Marquillo X Iumillo 15. Iumillo X Hope 
14. Iumillo X R.L. 729 16. Canus X T. Timopheevi 


All crosses, except No. 16, were made by Dr. R. F. Peterson at the Dominion 
Rust Research Laboratory, Winnipeg, Man. Cross No. 16 was made by 
Mr. F. Gfeller at the Cereal Division, Ottawa. The F, hybrids and the 
parents were grown in pots in the greenhouses of the Cereal Division, Central 
Experimental Farm, Ottawa, during the winter 1938-1939. 


The data on fertility of the parents and hybrids were kindly supplied by 
Dr. R. F. Peterson. The fertility is given, for 5 to 20 plants of each parent 
and hybrid, as the percentage of first and second florets in the spikelets that 
set seed. It is to be noted that the fertility data were not recorded for the 
plants that were studied cytologically. 
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The observations of the first meiotic division were made from iron—aceto- 
carmine smear slides made permanent by the method previously outlined 
by the writer (18). Temporary smears were used for the studies on material 
showing the second division. At least 100 first metaphase nuclei were 
analysed in each of the parent varieties and hybrids. In addition, the 
behaviour of paired and unpaired chromosomes at first anaphase was noted 
in many pollen mother cells. For the second division studies of the parents 
and of 54 of the 71 hybrid plants, 200 pollen mother cells (100 in each of two 
anthers) were examined in each plant and, for each cell, the numbers of 
micronuclei and inversion bridges were recorded. 


Observations 
PARENTS 
In the 41 plants of the 11 parent varieties studied, 1928 complete first 
metaphase nuclei were analysed. The results of the analysis are summarized 
in Table I which includes the data on the second division observations and on 
fertility. 


TABLE I 
CHROMOSOME BEHAVIOUR AND FERTILITY IN THE PARENTS 
Mean number of 
Number Number of univalents and Tetrads with Fertile 
Variety 2n of first metaphase | bivalents per PMC micronuclei, florets, 
plants nuclei % % 
I II 
T. dicoccum 
Vernal 28 4 200 0.02 13.99 2.5 78.8 
Khapli 28 4 118 0.28 13.86 3.4 82.9 
T. durum 
Iumillo 28 4 237 0.12 13.94 1.6 86.5 
Pentad { 28 3 174 0.12 13.94 15 } 88.8 
28 1 58 0.36 13.82 ? 
T. vulgare 
Marquis 42 4 263 0.18 20.91 4.0 85.3 
Hope 42 3 166 0.26 20.87 $.3 89.7 
41 1 50 1.28 19.86 36.0 
Mardquillo 42 3 100 0.26 + 20.87 8.4 ? 
41 1 50 2.22 19.89 23.0 
R.L. 1544 42 4 130 0.08 20.96 3.1 86.0 
R.L. 729 42 4 192 0.04 20.98 2.5 ? 
McMurachy 42 4 150 0.16 20.92 6.3 81.6 


Although multiple associations of chromosomes have been recorded in 
varieties of T. vulgare by the writer (unpublished data) and others (7, 8, 9, 10) 
none were found in individuals of this species included in the present study. 
No multiple associations were found in the plants of 7. dicoccum or T. durum. 
A chain of three chromosomes and a chain of four chromosomes, respectively, 
were seen in one and three of the 40 pollen mother cells examined in the one 
plant of 7. Timopheevi. Evidences of inversions were detected in two Hope 
plants and have been reported by the writer (18) in other plants of R.L. 729. 
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One plant of Hope and one of Marquillo had only 41 chromosomes. One 
Pentad plant was characterized by the presence of an average of three times 
as many univalents as were found in the other three plants of this variety. 


All plants, except one of Pentad and the one of T. Timopheevi, were included 
in the second division studies. 


HYBRIDS 
(a) First Division 
(i) Associations of Chromosomes 


In the 71 plants of the 16 hybrids, 6151 first metaphase nuclei were 
analysed. The data are summarized in Table II. It is seen from the data 
that there is little difference between the hybrids in the mean number of 
unpaired chromosomes—the hybrid Canus X T. Timopheevi is one exception 
in this respect. There are differences, however, in the mean numbers of pairs 
of chromosomes. In most hybrids these differences are accounted for by the 
numbers of chromosomes forming multiple associations. This is best seen in 
the last column of Table II. Compare, for example, the hybrids R.L. 1544 X 
Pentad and Marquis X Pentad: the mean number of univalents is 7.69 and 
7.61, respectively; of bivalents, 11.86 and 10.77, respectively ; of chromosomes 
involved in multiple associations, 3.59 and 5.85, respectively. 


It must be noted that there is much variability in chromosome pairing in 
the nuclei of all the hybrids. This is evident from the data in Table III, in 
which are recorded the maximum and minimum numbers of univalents, 
bivalents, and multiple associations of chromosomes found in the pollen mother 
cells of the 16 hybrids. 


Tables IV and V illustrate some of the different ways in which the 35 chromo- 
somes in the hybrids are arranged at first metaphase. Earlier published 
reports (cf. Aase (1) and Hector (6) ) stated that 14 pairs and 7 univalents 
is the usual arrangement in pentaploid wheat hybrids. That particular 
arrangement was found in all hybrids studied, except the one involving 
T. Timopheevi, but the frequency of nuclei with such an arrangement 
varied from 4.5% in F,; Marquis X Pentad to 91.3% in F, Marquillo X 
Iumillo (Table V). The arrangement, one association of 3 chromosomes, 
13 pairs, and 6 univalents (Fig. 1) also occurs in all the hybrids, the frequency 
varying from 1.4% in F; Marquis X Pentad to 13.3% in F, Iumillo X R.L. 
729. Since individual chromosomes cannot be identified, it is impossible to state 
that the same chromosomes are involved in any given type of association 
that occurs in a number of pollen mother cells. In the hybrid Iumillo X 
R.L. 729, six is the lowest number of chromosomes observed unpaired in any 
one pollen mother cell, but it does not necessarily follow that it is always the 
same six chromosomes that remain unpaired. In those nuclei with only 
six unpaired chromosomes it is most probable that one of the so-called ‘‘extra 
chromosomes” derived from the third set of the hexaploid parent is associated 
with a pair derived from either the first or second set of each parent. It would 
be possible to have one of the extra chromosomes forming a bivalent with one 
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TABLE IV 


FREQUENCIES (%) oF PMC WITH SELECTED* CHROMOSOME ARRANGEMENTS IN F; 
T. vulgare X T. dicoccum 


Marquis Hope McMurachy 


Chromosome arrangement 


IV | ll 


Vv 


1S 
14 
13 
12 
12 
11 
11 


CANN 


Number of PMC analysed 
PMC with one or more 

multiple associations, % 34.5 
Number of different pairing 
arrangements observed 


* Explanation in the text. 


chromosome from the first (or second) set and the mate of the latter forming 
an association of three with a pair of the second (or first) set. It would still 
mean that the extra chromosome is associated with the others, which is the 
main issue. 

Many pollen mother cells contain one (or more) associations of three chromo- 
somes but have seven or more univalents plus the requisite number of pairs 
or multiple associations. In such cases it is not known whether the associa- 
tions of three involve one (or more) of the extra chromosomes—they may 
include only chromosomes derived from the ‘‘primary sets’. It is obvious 
that the possibility of multiple associations (or even of pairs) through auto- 
syndesis cannot be entirely ruled out. In the hybrid involving 7. Timopheevi 
some are certainly due to autosyndesis since multiple associations are found 
in 10% of the pollen mother cells examined in this parent. 

All associations of three, five, and six chromosomes were chains. The 
associations of four chromosomes were chains in the hybrids Iumillo X Hope 
and Marquis X Iumillo, and the hybrids involving Khapli and Vernal. Rings 
as well as chains of four chromosomes were found in all plants of the three 
hybrids involving Pentad (Fig. 2). The frequencies of rings of four in these 


hybrids were as follows: 


Number of Percentage 
Hybrid associations of four of rings of 
chromosomes 


McMurachy X Pentad 
R.L. 1544 X Pentad 
Marquis X Pentad 
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| McMurachy Marquis Hope 
: | Khapli Khapli Khapli Vernal Vernal Vernal 
0.5 0.2 0.4 
: 35.5 47.2 53.6 42.4 65.8 66.2 
10.5 5.2 11.1 6.5 a3 1.8 
; 1 10.5 2. 4.8 6.5 0.5 0.2 
- 326 541 231 480 544 4 
13.5 20.9 23.4 2.9 
| 11 14 15 10 9 
; 
200 
369 27.6 
803 38.1 


PLATE I 


Photomicrographs of pollen mother cells in F, pentaploid wheat hybrids. Aceto-carmine 
smear preparations. X560. Fic. 1. McMurachy X Pentad:—one association of three 
chromosomes, 13 pairs, and six univalents. Fic. 2. Marquis X Pentad:—three associations 
of four chromosomes (one ring), one association of three chromosomes, seven pairs, and six 
univalents. Fic. 3. McMurachy X Pentad:—one association of five chromosomes, 10 pairs, 
and 10 univalents. Fic. 4. Marquis X Pentad:—one association of six chromosomes, one 
association of four chromosomes, nine pairs, and seven univalents. Fic. 5. McMurachy 
x Iumillo. Note the univalent in the middle of the cell broken at or in the spindle fibre 
attachment region. The two arms of the fragmented chromosome are being drawn to opposite 
poles. Fic. 6. Iumillo X R.L. 729:—14 pairs and seven univalents. Fic. 7. Hope X 
Vernal:—13 pairs and nine univalents. Fic. 8. Marquis X Pentad:—second division inver- 
sion bridge and accompanying fragment. 
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A chain of five chromosomes was seen in two pollen mother cells of the hybrid 
Canus X T. Timopheevi, in three of the hybrid McMurachy X Pentad 
(Fig. 3), and in 16 of the hybrid Marquis X Pentad. A chain of six chromo- 
somes was seen in one pollen mother cell of the hybrid Canus X T. Timopheevi, 
in two of the hybrid McMurachy X Pentad, and in 10 of the hybrid Marquis 


X Pentad (Fig. 4). 


(ii) Inversions 

Material showing first anaphase figures was available for 28 plants repre- 
senting 13 of the 16 hybrids. In every plant an inversion bridge and an accom- 
panying fragment were detected in from one to five pollen mother cells. 
In addition, two bridges and two fragments were seen in one or more pollen 
mother cells of the hybrids: Iumillo X Hope, Marquis X Iumillo, McMurachy 
X Iumillo, and McMurachy X Pentad. Further details on inversions are 
given in the section on ‘“Tetrad Studies’. 


(iii) Chromosome Breaks 

Unpaired chromosomes broken at the spindle fibre attachment region were 
found at the first meiotic division in all hybrids except those of Iumillo X 
Hope. Altogether, 39 such broken chromosomes were detected. In two 
chromosomes, both fragmented arms bore the spindle fibre attachment region 
(Fig. 5). In all others, only one arm bore the attachment region. Two such 
broken univalents were found in one pollen mother cell of several hybrids and 
four occurred in one pollen mother cell of a Hope X Vernal hybrid. 

Because of the appreciable number of unpaired chromosomes that were 
broken at or in the attachment region during first anaphase, it was decided 
to examine carefully the behaviour of the univalents before they became 
orientated on the equatorial plate. In these hybrids the univalents lag 
behind the paired chromosomes (Fig. 6). A split is evident in the unpaired 
chromosomes at the same time that it appears in members of the bivalents or 
multiple associations (Fig. 7). 

(iv) Aberrant Pollen Mother Cells 

Pollen mother cells with more or less than 35 chromosomes were seen in 
some hybrids. Nuclei with 70 chromosomes were seen five times—in two 
plants each of F; Hope X Vernal and Hope X Khapli, and in one plant of F, 
R.L. 1544 X Iumillo. In-one the chromosomes were arranged as 27 bivalents 
and 16 univalents. In one plant of F; Marquis X Vernal, two pollen mother 
cells contained only 28 chromosomes, arranged as 6 bivalents and 16 univalents. 


(b) Tetrad Studies 

The observations on material showing the second meiotic division were 
confined for the most part to late anaphase, early telophase, or young pollen 
tetrad stages. The latter stage is satisfactory for counts of micronuclei and 
for the observation of inversion bridges. The results of these studies are 
summarized in Table VI, which includes fertility data kindly supplied by 


Dr. R. F. Peterson. 
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TABLE VI 


IRREGULARITIES DETECTED IN YOUNG POLLEN TETRADS, AND FERTILITY, OF F; PENTAPLOIDS 


Tetrads 
with Fertile 
inversion florets, 

bridges, % 


Number| Tetrads |Mean number 


with of 
micronuclei, | micronuclei 
per tetrad* 


of 
plants 


T. vulgare X dicoccum 
1. Hope X Vernal 
. Marquis X Vernal 
. McMurachy X Vernal 


2 
4. Hope X Khapli 
5. Marquis X Khapli 
6. McMurachy X Khapli 
T. vulgare X durum 
7. R.L. 1544 X Iumillo 
. Marquis X Iumillo 
McMurachy X Iumillo 


. R.L. 1544 X Pentad 
. Marquis X Pentad 
. McMurachy X Pentad 


. Marquillo X Iumillo 
. Iumillo X R.L. 729 
. Iumillo X Hope 


AOD 


* Necessary difference between means for significance at the 5% point is 0.6. 


(i) Micronuclet 


Variation in the numbers of micronuclei (per 200 tetrads) in 54 plants of 
15 hybrids was analysed statistically using the ‘“‘Analysis of Variance’’ method; 
the F value was found to be 41.71. According to Snedecor (26) an F value of 
2.66 is required for significance at the 1% point. A difference of 0.59 between 
the means for the hybrids is significant at the 5% point (Table VI). 


(ii) Inversions 

Inversion bridges were found in one or more pollen mother cells of all 
plants studied (Fig. 8). Since it was not possible in many instances to deter- 
mine the source of all micronuclei in a tetrad (some may be due to the rounding 
up of chromosome fragments, of whole chromosomes, or of inversion fragments) 
no record of the latter is given. 

The frequencies of tetrads in which inversion bridges occurred are recorded 
in Table VI. It is seen that the frequency of pollen mother cells with one or 
more bridges varied greatly in the different hybrids—from a low of 0.5%, in 
F; Hope X Vernal and McMurachy X Khapli to a high of 7.4% in F, R.L. 
1544 X Iumillo. One and two bridges were detected in pollen mother cells 
of all hybrids involving the varieties of T. dicoccum. One, two, and three 
bridges were seen in some pollen mother cells of the following hybrids: Marquis 
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Hybrid | 
: | | 
4 92.7 2.2 0.5 | 52.5 
4 93.7 2.5 1.1 46.4 
3 84.0 1.8 0.7 7.0 
5 99.6 5.0 1.0 0.8 ¥ 
3 99.3 3.1 3.7 0.0 
3 97.7 3.5 0.5 0.0 - 
6 85.7 1. 68.9 ; 
2 88.0 73.6 
3 79.0 1. 45.2 
10 5 82.0 1. 11.8 
11 4 | 92.7 2. 24.6 
12 1 100.0 3. 27.8 
13 5 97.1 3. ? 
14 3 93.5 2. ? 5 
15 3 98.7 3. | ? 
| 
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 Khapli, Marquillo X Iumillo, McMurachy X Iumillo, R.L. 1544 xX 
Pentad, and Marquis X Pentad. As many as four bridges were seen in several 
pollen mother cells of F, R.L. 1544 X Iumillo. 


(c) Fertility 

It is seen from the data in the last column of Table VI that the hybrids 
1 to 12, inclusive, fall into four fertility groups, depending mainly on the 
particular 28-chromosome variety involved, although it is evident that within 
each group there are differences attributable to the various 42-chromosome 
varieties concerned. According to the data obtained, the hybrids rank as 


follows: 


Hybrids involving: Fertility, % Fertility rank 


T. durum var. Iumillo 45.2 - 73.6 1 (most fertile) 
T. dicoccum var. Vernal 7.0 — 52.5 2 
T. durum var. Pentad 11.8 - 27.8 3 
T. dicoccum var. Khapli 0.0- 0.8 4 


One exception is F, McMurachy X Vernal with a very low percentage of 
fertile florets. It is noteworthy that the two varieties in each of the 28-chromo- 
some species fall into distinctly different fertility grades. The hybrids 
involving Khapli are least fertile and have the largest mean numbers of 
micronuclei per tetrad. The reverse is true for the hybrids involving Iumillo, 
but, in general, it cannot be stated that the percentage of fertile florets varies 
inversely as the number of micronuclei (Table VI). 


Comparison of Pairing Behaviour in the Hybrids 


As far as the writer is aware, this is the first study of its kind to include 
check crosses as standards for comparison. 7. vulgare var. R.L. 1544 is 
genetically related to 7. durum var. Iumillo since it is a selection from the 
cross Marquis X Iumillo. It must have, therefore, whole chromosomes or 
segments of chromosomes derived from the 28-chromosome parent. The data 
obtained from the cross R.L. 1544 & T. durum var. Iumillo, should assist in 
establishing criteria that will indicate relationships between the other 42- 
and 28-chromosome wheats. T. vulgare var. Hope is genetically related to 
T. dicoccum var. Vernal, so the cross Hope X Vernal should provide data 
similarly useful. On the other hand, T. vulgare var. Marquis is known to be 
not genetically related to either T. dicoccum or T. durum. Thus, the crosses 
of Marquis with varieties of these species should provide data complementary 
to those involving R.L. 1544 and Hope. 

The relationship of one wheat to another might result in one of two main 
sets of conditions in the chromosomal constitution. Assuming that variety x 
has received chromatin from variety y and is therefore related to y, x might 
have 


ay 
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(1) whole y chromosomes or else blocks of y genes in their normal position 
on the corresponding chromosomes; or 


(2) translocated blocks of y genes. 


In either case variety x must now be considered more closely related to variety 
y than it was originally. The first condition would tend to increase the number 
of pollen mother cells having 14 bivalents and 7 univalents in the F, of variety 
x X variety y, whereas the second condition would have the reverse effect. 
Similarly, the first condition would tend to reduce, whereas the second would 
tend to increase, the number of multiple associations of chromosomes in 
the F,. This raises the question of which of the two opposite criteria of 
relationship is valid in this material. This can be tested by comparing 
chromosome behaviour in hybrids between parents of known genetic relation- 
ship. Fertility of the F, may also be an important criterion. 


PMC with Average number per PMC Fertile 
Hybrid 14, + 7, % | of chromosomes lovebved florets, 
in multiple associations % 


T. vulgare X T. durum 
R.L. 1544 X Iumillo a8.2 0.26 68.9 
R.L. 1544 X Pentad 


T. vulgare X T. dicoccum 
Hope X Vernal 
Hope X Khapli 53.6 0.69 0.8 


The hybrid R.L. 1544 X Tumillo has a much greater frequency of pollen 
mother cells with 14 bivalents and 7 univalents and a much smaller average 
number of chromosomes involved in multiple associations than has the hybrid 
R.L. 1544 X Pentad. The hybrid Hope X Vernal has a greater frequency 
of pollen mother cells with 14 bivalents and 7 univalents and a significantly 
lower average number of chromosomes involved in multiple associations 
than has the hybrid Hope X Khapli. It seems, therefore, that the first 
condition mentioned above outweighs the second in importance as establishing 
criteria of relationship between the wheats discussed in this study. It is also 
seen that the F; between genetically related varieties is much more fertile 
than is the F, between unrelated varieties. 


The above comparisons indicate that in this material the more closely the 
42- and 28-chromosome wheats are related, the greater will be the expected 
frequency of pollen mother cells with 14 pairs and 7 univalents and the smaller 
the frequency of multiple associations. Thus, the comparisons as given above” 
for hybrids involving R.L. 1544 (genetically related to T. durum var. Iumillo} 
or Hope (genetically related to T. dicoccum var. Vernal) should obtain if there 
is no genic sterility as defined by Dobzhansky (3, p. 263). Of course, auto- 


syndesis may mask the picture and its possibility (as discussed previously) 
must be kept in mind. 


| 
| | 
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On the basis of the results obtained from a comparison of chromosome 
behaviour and fertility in the hybrids involving R.L. 1544 and Hope, an 
attempt can be made to establish the source of rust resistance of McMurachy’s 


Hybrid 


PMC with 
1471 ’ % 


Average number per PMC 
of chromosomes involved 
in multiple associations 


Fertile 
florets, 
% 


T. vulgare X T. durum 
McMurachy X Iumillo 
McMurachy X Pentad 


T. vulgare X T. dicoccum 
McMurachy X Vernal 
McMurachy X Khapli 


0.41 


Of the hybrids studied, McMurachy’s Selection X Iumillo has the greatest 
frequency of pollen mother cells with 14 pairs and 7 univalents, the lowest 
average number of chromosomes involved in multiple associations, and it is 
the most fertile. The three factors may be taken to indicate that McMurachy’s 
Selection is more closely related to T. durum var. Iumillo than to the other 


28-chromosome wheats included in this study. 


T. vulgare var. Marquis is a much older 42-chromosome wheat than either 
R.L. 1544 or Hope, but it is interesting to attempt to set up a relationship 
between Marquis and the 28-chromosome wheats studied. 


Hybrid 


PMC with 
145 ’ % 


Average number per PMC 
of chromosomes involved 
in multiple associations 


Fertile 
florets, 
oO 


T. vulgare X T. durum 
Marquis X Iumillo 
Marquis X Pentad 


T. vulgare X T. dicoccum 
Marquis X Vernal 
Marquis X Khapli 


64.2 

4.5 
65.8 
47.2 


73.6 


The gene arrangement in chromosomes of Marquis appears to resemble 
that in Vernal.more nearly than that in the other three varieties. 
probably accounts for ‘‘the greater ease with which vulgare characters can be 
transferred to 14-chromosome plants in vulgare-dicoccum [i.e., Vernal] than 
in vulgare-durum {i.e., Iumillo] crosses’’ as shown by Thompson et al. (28). 


But, fertility is greatest in the Marquis X Iumillo hybrids. 


question as to which is the more important criterion in establishing relation- 
ships between species—similarity of gene arrangement or fertility in the Fi 
hybrid. The former is probably the more significant since fertility is so often 
affected by small differences. 


This 


This raises the 


11.2 3.65 27.8 

35.5 1.25 0.0 

0.51 

7 5.85 24.6 

Oat 

| 0.0 
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The variety Pentad deserves comment. It was introduced from Russia 
in 1903 by Prof. H. L. Bolley of the North Dakota Agricultural Experiment 
Station. According to Clark and Bayles (2), ‘“‘Pentad is distinct from all 
other commercial varieties of durum wheat grown in the United States because 
of its rust resistance, white glumes, and red kernels. The kernels are smaller, 
squarer at the brush end, and more pointed at the germ end than kernels of 
the other durum varieties . . . . Its quality has been found inferior, however, 
to that of other durum varieties.’”’ Iumillo is not one of the ‘‘other commercial 
varieties” referred to by Clark and Bayles, but there is no doubt that Iumillo 
and Pentad differ markedly in the constitution of their chromosomes as 
evidenced by the pairing behaviour in hybrids with the three 42-chromosome 
wheats R.L. 1544, Marquis, and McMurachy (Tables II, V,and VI). Fertility 
of the F, hybrids involving Pentad is significantly lower than that of hybrids 
involving Iumillo (Table VI, last column). 


Discussion 


The results of the present study are in sharp disagreement with the earlier 
work on chromosome behaviour in pentaploid wheat hybrids. A detailed 
review of the previous results is unnecessary since the whole situation as it 
appeared in 1935 has been thoroughly treated by Aase (1) and Hector (6). 
Discussions of the ‘“‘genom analysis” of Kihara and his school have been made 
by Dobzhansky (3) and Sansoime and Philp (24). 

In the review by Aase (1) there is no reference to multiple associations in 
hybrids between wheats with different chromosome numbers. She concluded: 
“The number of pairs at meiosis approaches that of the parents with the lowest 
chromosome number. The number of probable pairs is most complete, and 
ring pairs predominate in the 21- X 14-chromosome hybrid.” In so far as 
the number of probable pairs is concerned, the present results are in agreement 
with this statement. But it does not tell the whole story. 


Hector (6, p. 163) wrote: ‘At the reduction division, the behaviour of the 
chromosomes is almost uniform. The 35 chromosomes form 14 bivalents and 
7 univalents; Sax [25] reported a case of nine univalents and Kihara and 
Nishiyama [13] the rare occurrence of trivalents.’’ In the present material, 
the behaviour of the chromosomes is not uniform (Tables III, IV, and V). 
In the Marquis X Iumillo hybrids, 90% of the pollen mother cells contained 
14 bivalents and 7 univalents whereas that pairing arrangement occurred in 
less than 5% of the pollen mother cells of plants of Marquis X Pentad. 
In the latter, 25% of the pollen mother cells contained 1 association of four 
chromosomes, 12 bivalents, and 7 univalents and 20% contained 2 associations 
of four, 10 bivalents, and 7 univalents. Six different pairing arrangements of 
the 35 chromosomes were observed in Marquillo < Iumillo hybrids and 49 in 
Marquis X Pentad. 

On the basis of pairing relationships published in the past, the following 
hypothesis has been suggested (4): the Einkorn (2m = 14), Emmer (2” = 28), 
and Vulgare (2m = 42) groups have respectively, one, two, and three sets 


= 
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of seven chromosomes that differ from each other. The sets have been 
denoted A, B, and C by some workers (27) and A, B, and D by others (cf. 3). 
Thus, Einkorns are represented as AA, Emmers as AABB, and Vulgares as 
AABBCC or AABBDD. But, as early as 1929, Jenkins (11) concluded that 
the situation is much more complex. In 1931, Thompson (27) reviewed the 
work on the various groups (including Aegilops species) that had been pub- 
lished at that time. His conclusion was: “In view of all the difficulties, 
disagreements, inconsistencies, and possible sources of error much more work 
must be done before a satisfactory scheme of chromosome homologies, em- 
bracing all the species and reflecting botanical and genetical relationships, 
can be drawn up.” 

Nevertheless, apart from the rare occurrence of trivalents referred to above 
(13), it was not until 7. Timopheevi (2n = 28) was crossed with other wheats 
and the pairing behaviour of chromosomes in the hybrids was found to be 
very complex (12, 14) that real difficulty appeared in the minds of the workers 
who attempted to maintain the simple scheme suggested by the above hypo- 
thesis. The difference between T. Timopheevi and the other Emmers was 
thought to be in the ‘“B set” and Kihara and Lilienfeld (12) suggested that 
the “‘formula”’ of this species is AG. Kostoff (14), however, decided that since 
there was some “affinity” between the B and G sets the formula should be 
AB. The occurrence of multiple associations in T. Timopheevi itself com- 
plicates the situation, and it is very likely that chromosomes in both the ‘‘A” 
and “‘G’”’ (or ‘‘B’’) sets have become differentiated phylogenetically. At least 
some of the multiple associations observed in hybrids involving this species 
must be autosyndetic. This is probably true for other pentaploid hybrids 
as well. 

The present data are not sufficiently extensive to assign such symbols to 
the various chromosome sets, and, in fact, the results indicate that such a 
procedure cannot possibly be more than an approximate index of the actual 
pairing behaviour observed. The writer’s data (Tables II and III) show 
definitely that T. Timopheevi is not an exception to any general rule, but 
that it differs from the other 28-chromosome wheats in degree only. 


Dobzhansky (3), while admitting that the hypothesis has on the whole been 
satisfactory, concluded that “its schematic simplicity is largely a thing of 
the past” and stated that “the occurrence of allopolyploids implies as an 
antecedent a differentiation of the chromosomes in the ancestral species by 
translocation, inversion, and other means” (p. 219). According to Sansome 
and Philp (24), the rare transference of certain characters may be explained by 
assuming that one of the “extra” seven chromosomes of Vulgare occasionally 
pairs with an Emmer chromosome. This conclusion was recently reached on 


genetic grounds by Peterson and Love (21). There is ample evidence that 
this does occur in all the hybrids examined in this study. 
The writer’s results indicate that all the wheat varieties used, whether 


of the 28- or 42-chromosome group, differ to a greater or lesser degree in the 
This is evidenced in the hybrids 


arrangement of chromosome segments. 
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by the presence of varying numbers of multiple associations (associations 
between chromosomes of the so-called ‘‘primary A and B”’ sets, and associa- 
tions between chromosomes of the ‘‘primary’’ and “‘secondary”’ sets) and 
inversions in all the hybrids examined. This is not in agreement with the 
conclusion reached by Peto (22) from his cytological study of Agropyron— 
Triticum hybrids. The present material, with a smaller number of chromo- 
somes, is relatively easier to analyse, and the large numbers of complete 
nuclei recorded in each hybrid allow no doubt as to the validity of the con- 
clusion given above. On the other hand, the difficulty encountered in this 
study in attempting to establish criteria indicating relationships between 
certain of the 28- and 42-chromosome wheats by means of pairing behaviour 
and fertility in the hybrids (even where the genetic relationship is known) 
indicates that the utmost caution must be used in drawing phylogenetic 
conclusions on the basis of such data. 

Several questions are posed by the kind and frequency of multiple associa- 
tions found in the various pentaploid hybrids. The frequency of pollen 
mother cells with multiple associations varies in the different hybrids from 
less than 3% in Hope X Vernal and Marquillo X Iumillo to more than 90% 
in Marquis X Pentad (Tables IV and V). If three chromosomes in the 
different sets can (and do with varying frequencies) unite to form a multiple 
association why do they not always, or nearly always, do so in any one cross? 
This situation is very different from that found in artificially induced trans- 
locations. Why do the multiple associations in this hybrid material so often 
form chains instead of rings? And finally, why are associations of three 
chromosomes so much more abundant than those of four? The most probable 
explanation seems to be that many of the multiple associations arise through 
pairing of chromosomes that are phylogenetically similar but not strictly 
homologous. Huskins (9) has referred to such chromosomes as “‘homelogous, 
signifying similarity but not identity.”” Such pairing would not be nearly 
as precise as that due to homology in the strict sense, and so the frequency 
of multiple associations (and indeed even of pairs) involving certain chromo- 
somes would be variable in the interspecific hybrids. The genetic results 
obtained by Thompson et al. (28) showed that genes with similar effects on 
many characters were present in all the chromosome sets of T. vulgare. The 
fact that chains of three chromosomes are more abundant than chains of four 
in the pentaploid hybrids supports their conclusions based on genetic data. 


Observations of the behaviour of the unpaired chromosomes at meiosis 
in 13 of the pentaploid hybrids show that breaks occur at or in the spindle 
attachment region. As a result of these breaks one or both arms of the 
fragmented chromosome may bear a spindle fibre attachment region (Fig. 5) 
and thus may be able to participate in succeeding nuclear divisions. From 
a study of the behaviour of such telocentric chromosomes in maize, Rhoades 
(23) concluded, ‘“The production of secondary or isochromosomes at meiosis 
from the telocentric chromosome and its loss and modification in somatic 


tissue show that a terminal centromere is unstable.’”’ Love (18) has reported 
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similar evidence (at meiosis) in derivatives of pentaploid wheat hybrids. 
But it must be emphasized that the attachment region of unpaired chromo- 
somes is also quite unstable, at least during meiosis. This has been shown 
in the present study and elsewhere by the writer (16, 17, 18, and unpublished 
data) and others (cf. Rhoades (23) ). A pair of homologous telocentric 
chromosomes, on the other hand, appeared to be as stable as the normal 
chromosomes in the complement of a winter wheat variety under investigation 
for five generations (Love (15), and unpublished data). Rhoades (23) reported 
that ‘‘the telocentric chromosome [in maize] underwent normal meiotic be- 
haviour when it was a member of a trivalent group.”” Abnormal behaviour 
of telocentric chromosomes during meiosis alone cannot explain their absence 
from the normal complement of plants and animals, and the investigation of 
Rhoades when considered in relation to the observations of the writer strongly 
suggests that it is in somatic divisions that the telocentric chromosome is 


at a disadvantage. 
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A PHOTOELECTRIC FLUORIMETER! 
By A. H. Woopcock? 


Abstract 


A fluorimeter designed for the determination of vitamin B, as thiochrome and 
riboflavin is described. The instrument is entirely self-contained and simple to 
operate. It is capable of detecting thiochrome in concentrations as low as 0.005 
microgram per ml. and sufficiently stable to permit measurement of higher 
concentrations. By using vacuum type photocells an electric eye can be used 
as a null indicator and the comparatively expensive galvanometer is eliminated. 


Introduction 


In recent times much stress has been laid on the importance of two members 
of the vitamin B complex, thiamin and riboflavin, in relation to nutrition. It 
has been found that an oxidation product of thiamin, thiochrome, and ribo- 
flavin fluoresces when exposed to light of suitable wave length. This fluores- 
cence forms the basis of determining these substances by chemical methods 
(3). Although instruments for making fluorescent measurements are carried 
by most manufacturers of laboratory apparatus, and others have been already 
described (1, 2, 4), it is felt that the one described in this paper fills a need 
for an inexpensive instrument with good sensitivity. 


Description of Instrument 


The instrument is entirely self-contained in a brass case measuring 12 X 
12 X 7in. A plan and elevation drawing are shown in Fig. 1. The source 
of light is a commercial high pressure mercury arc lamp from which the light 
is separated into two beams at right angles. The first beam passes through 
a filter that eliminates all but the ultra-violet light which is used to activate 
the sample of fluorescent solution. A second filter that eliminates ultra-violet 
light is employed behind the solution so that only the fluorescent light causes 
a photoelectric current in the cell behind it. 


The second beam of light passes through an initial regulating diaphragm 
and a filter that, like the first, transmits only ultra-violet light. The light 
then enters a system of polarizing and analysing Nicol prisms, and finally a 
second photocell. The analyser, determining the amount of light entering 
the photocell, is adjusted through a worm gear and its angular position is 
measured on an illuminated scale. 


1 Manuscript received May 29, 1941. 


Contribution from the Division + ag and Agriculture, National Research Laboratories, 
Ottawa, Canada. Published as N.R.C. No. 1009. 


2 Biophysicist, National Research Pe Ottawa. 
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Fic. 1. Plan and elevation drawings. 


The electrical circuit is shown in Fig. 2. The two photoelectric cells are 
connected to the amplifier in opposition so that any difference in photoelectric 
currents is registered on an electric eye. Any variation in the brightness of 
the source does not affect the balance since the photoelectric current varies 
equally in both cells. The sensitivity of this circuit is limited by the insulation 
leakage of the photoelectric cells, which is very small. However, this leakage 
is used to obtain an initial balance with sample absent and Nicol prisms 
crossed by regulating potentiometers supplying the voltage to the cells. In 
practice only one of these is used, the other being set at a predetermined value. 


« | 
| 
| PRISMS, | /e29) 
| | tens 
(225 aa 
| SCALE O 
| LAMP AMP 
| 
| | 


WOODCOCK: FLUORIMETER 255 


| 


| 
| 67 (4 926 


vill 


Fic. 2. Electrical circuit. 


A photograph of the instrument is shown in Fig. 3. A and B are the 
regulating diaphragm and the electric eye, respectively. Knob C is used to 
adjust the analysing Nicol prism, the rotation of which is read on scale D. 
Knob E£ is the zero adjustment of the electric eye, while F and G are switches 
for the light source and amplifier, respectively. 


Fic. 3. Photograph of instrument. 
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Theory and Performance 


The intensity of light transmitted by Nicol prisms is given by 
I = I, sin? 0 
where @ is the angle of rotation of the analyser from the crossed position or 
zero intensity, and J, is the maximum intensity. The amount of fluorescent 
light produced by the sample is therefore proportional to sin’? and would be 
expected a priori to be proportional to the concentration of fluorescent sub- 
stance present. To test this, calibration curves have been plotted on 
logarithmic scales between concentration and sin’?@ for thiochrome and 
riboflavin dissolved in 20% ethyl alcohol; these are shown in Figs. 4 and 5, 
respectively. The departures from linearity at extreme dilutions are probably 
due to fluorescent impurities in the solutions whereas the decrease in sin’8 
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Fic. 4. Calibration curve for thiochrome plotted on logarithmic scale. 
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below the theoretical values at higher concentrations can be explained by 
absorption of ultra-violet light by the sample. At very much higher con- 
centrations visual inspection confirms this and shows that the fluorescence is 
confined to the side of the test tube at which light enters. 


It will be seen that both the sensitivity and accuracy are satisfactory for 
ordinary work. The instrument has also proved to be quite stable and 
determinations made on the same solution from day to day agree with each 
other within the limits of error of the instrument. 

The desire to keep the cost of the instrument low has been considered 
throughout the design, the total price of equipment and material being less 
than $100.00. The main factor in reducing this figure to a low value is the 
use of the vacuum type of photoelectric cell which permits the use of an ampli- 
fier and the elimination of a delicate galvanometer. Thus a rugged, stable 
instrument has been produced which is extremely simple and rapid to operate. 
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THE BREEDING CYCLE IN SAGITTA ELEGANS ARCTICA 
AURIVILLIUS! 


By M. J. DUNBAR? 


Abstract 


From size distributions of populations of Sagitta elegans in waters of the 
Canadian eastern Arctic, and from examination of the gonads, it is shown that 
Sagitta has a breeding cycle of an alternating, or two-phase type, such that two 
generations, separated in age by one year, exist at the same time. 

This breeding cycle is contrasted with the known habits of Sagitta in tem- 
perate waters; in the English Channel there are several broods produced per 
year, and along the Atlantic coast of North America there is one long breeding 
period in the summer, with apparently only one brood involved. There is 
also a contrast between the size distributions described here and those found 
by the author in Disko Bay, west Greenland; this is tentatively correlated 
with hydrographic differences between the two regions. 

The two-phase cycle is evidently effective in ensuring the occurrence of large 
numbers of the species under conditions of slow growth. Rigid maintenance of 
the cycle, without the development of a lag or distortion, would result in a 
genetic isolation of the two broods that might lead to differentiation and possibly 
to speciation. 


Introduction 


The great abundance of phytoplankton in polar waters during the summer 
must be considered an important factor in the development of the great 
quantity of zooplankton found in these regions, but the cold water which, 
by its ability to contain large quantities of dissolved gases and its encourage- 
ment of vertical movement in the early spring, plays an important part 
in the growth of the phytoplankton, has also the effect of slowing down 
growth rates. To explain the abundance of planktonic life, therefore, some 
mechanism, calculated to overcome the check on population consequent upon 
this slow growth, should be demonstrable. Loeb (10), working on sea-urchin 
eggs and young embryos, found that the temperature coefficients of the length 
of life and of the speed of development to maturity were very different; for 
the range of 32° to 20° C. a drop of 1° C. approximately doubled the length 
of life, whereas the rate of development was only slightly altered. He offered 
this result as an explanation of the quantity of plankton in polar seas, by 
pointing to the clear inference that many generations must exist at the same 
time. 

Most planktonic organisms, however, seem to die after spawning, which 
upsets Loeb’s calculations. Lindsey (9) has made the point that the Loeb 
effect cannot be true of the phytoplankton, since the parental protoplasm is 
used up in the formation of the next generation. Some other mechanism 
must therefore be sought. The study described below offers such a 
mechanism for a member of the zooplankton, by showing that in Sagitta 


1 Manuscript received May 2, 1941. 
Contribution from the Department of Zoology, McGill University, Montreal, Que. 
2 Holder of a Studentship from the National Research Council, Ottawa, Canada. 
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elegans arctica the check on population resulting from the slow growth rates 
in the very cold water is offset by a two-phase breeding cycle, so that, as 
Loeb suggested, two generations, and during the breeding period three genera- 
tions, do exist at the same time, though their coexistence is evidently not due 
to the Loeb effect. 

Material 


Sagitta elegans Verrill has received much attention in recent years from 
workers on both sides of the Atlantic. It is a convenient indicator of water 
movements, and is simple to handle, dissect, and section. The form arctica 
Aurivillius is larger than the typical elegans form, has a shorter tail segment, 
and is found in Arctic seas, being particularly abundant near the coasts. It 
has also been recorded by Fraser (5) from the Firth of Forth, in Scotland. 
The present material was collected in the summers of 1939 and 1940, in the 
waters of the Baffin Island coast and northern Labrador. 


The positions of the stations mentioned in this work are as follows: 
Clyde River: 70° 20’ N., 69° W. East Baffin Island. 
Pangnirtung: 66° N., 66° W. East Baffin Island. 

Frobisher Bay: 63° 20’ N., 76° 30’ W. Southeast Baffin Island. 
(Also a station 60 miles S.E. of this position.) 

Gabriel Strait: 62° N., 65° 30’ W. Southeast Baffin Island. 

Lake Harbour: 62° 40’ N., 69° 40’ W. South Baffin Island. 

Hebron: 58° 20’ N., 62° 30’ W. Northern Labrador. 


The water at all these stations is polar; there is no evidence for the presence 
of any Atlantic water at all. The plankton is typically arctic, including such 
indicator forms as Oikopleura vanhéffeni Lohmann, Calanus hyperboreus Kroyer, 
Diphyes arctica Chun, Mertensia ovum Fabricius, Themisto libellula Mandt, 
Limacina helicina Phipps, and others. Temperatures and water samples were 
taken at four of the above stations, namely, Clyde River, Pangnirtung, 
Frobisher Bay, and Lake Harbour. The salinities ranged from 32.93 0/00 to 
28.04 o/oo, and the temperatures, from 10 metres down, between 1.0° and 
—1.39° C., with the surface temperature as high as 3.68° C. on one occasion. 


A one-metre stramin net was used at all stations, with a small-mesh silk 
net for diatoms, which occasionally picked up specimens of Sagitta. During 
the seasons of collecting, about 4000 specimens were taken, the bulk coming 
from the six stations listed here. All the specimens from these stations have 
been measured, with the exception of a few damaged individuals, and with 
the exception also of some taken at Pangnirtung in 1939. Here one 10-minute 
haul produced 2613 Sagitta; a sample of 958 specimens was taken for measure- 
ment. The tail fin was not included in the measurements. 


Horizontal tow-nettings were made at various depths, from the surface to 
35 metres. Vertical and oblique hauls reached to about 75 metres. The 
bulk of the Sagitta population in the fjord waters was found in the upper 
35 metres, in the daytime below 15 metres. 
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Size Distributions and Breeding Cycles 


The size frequencies are shown in Figs. 1 to 7, and in Table I. The move- 
ments of the S.S. Nascopie made it impossible to work the whole season at 
one place, which would have been the best procedure. Hence the material 
from six stations has been collated, contrasting the condition in August at 
one station with that in September at another. In Fig. 2, for instance, 
material from two stations, Hebron and Pangnirtung, is plotted on the same 
graph, the catches from the two stations representing two separate size 
groups. Fig. 6 is made up from Figs. 3, 4, and 5. Thus the whole region of 
investigation, being of one type of water, has been treated as a unit, the 
assumption being that at any one time the Sagitta population over the whole 
area will be at approximately the same stage in the cycle. 

It will be seen that none of the distributions is normal, and that more than 
one mode is apparent in all of them. This is taken to mean that more than 
one brood is present in the population. To analyse the curves statistically, 
to prove what is apparent at sight, is unnecessary and unsatisfactory. 

It may be taken that Sagitta elegans arctica has only one breeding period in 
the year; this conclusion is drawn not only from the present results, but from 
other work in this field by Kramp (7 and 8), Ussing (17), Huntsman and 
Reid (6), and Dunbar (3). The size groups have therefore been classified 
(Figs. 1, 2, 6, and 7) as follows: 

Group A. The group breeding in the year in which they were caught. 

Group B. The adolescent group, due to spawn in the following year. 

Group C. The young group, the offspring of Group A, due to spawn two 

seasons later. 

The state of the gonads of Groups A and B supports this interpretation. 
The condition of the ovaries can be seen by external examination, using 
transmitted light, and the approximate state of the testes can be gauged from 
their transparency, and by staining. To obtain a more exact knowledge of 
the testes, however, 12 individuals from Frobisher Bay, Pangnirtung, and 
Clyde River were sectioned and stained with Harris’s haematoxylin. The 
gonads of Group B, in 1940, (Figs. 6 and 7) were all unripe; the ovaries were 
very small, with small cells, or so rudimentary as scarcely to be visible. The 
tail cavities were clear, and on being sectioned showed only small testes 
closely apposed to the lateral walls of the cavities. At the beginning of 
spermatogenesis in Sagitta, groups of sperm mother cells, the “‘polyblasts”’ of 
Bordas (1), are budded off from the testes and circulate in the tail cavities 
(Burfield (2) ). There were no polyblasts present in the B groups from 
Frobisher Bay and Clyde River. The seminal vesicles, moreover, were not 
developed. 

The same was true of the gonads of the 1939 B group from Pangnirtung 
(Fig. 2), in those animals under 30 to 31 mm. in length. Those above this 
limit showed polyblasts in the cavities, and had larger ovaries. From a 
comparison with Fig. 7 it seems likely that some individuals of Group A 
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Frequency 
Pivotal 
length 1939 | 1940 
(mm.) 
Lake Gabriel Frobisher Lake Clyde 
Harbour* Strait* Bay* Harbour* Rivert 
4 | | 2 
6 2 34 1 
7 8 52 | 4 
8 2 St 28 
9 2 63 | 1 1 36 
10 37 | 3 45 
11 14 1 40 
12 6 1 29 
13 2 14 
14 2 1 2 
15 1 3 1 
16 1 2 4 
17 2 1 18 
18 6 1 3 22 
19 1 12 1 6 27 
20 21 2 2 3 32 
21 2 33 1 3 10 25 
22 1 60 1 2 8 18 
23 | 4 80 1 2 12 19 
24 1 149 4 2 11 12 
25 5 i235 7 3 13 8 
26 § 127 5 7 7 7 
27 6 100 3 9 5 6 
28 7 70 3 8 4 4 
29 4 62 1 5 4 1 
30 15 26 5 7 5 5 
31 11 17 1 13 7 7 
32 9 16 2 9 7 8 
33 9 13 3 21 16 7 
34 13 13 3 30 16 4 
35 8 5 3 29 6 
36 10 4 | 5 32 9 3 
37 5 7 | 5 25 10 
38 3 5 | 2 20 6 
39 3 | 1 17 8 
40 2 1 2 8 1 
41 1 1 | 1 
42 1 | 2 
43 1 | 2 1 
44 | 2 
45 1 
51 1 


* July-August. 
+ September. 
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Fic. 1. Lake Harbour, 1939: July 24, August 1, 3, 5, 9, 10—141 specimens. 
Fic. 2. Group B. Pangnirtung, 1939: September 13—958 specimens. 
Group C. Hebron, 1939: September 18—265 specimens. 
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Fic. 3. Gabriel Strait, 1940: August 4 and 5—65 specimens. 

Fic. 4. Frobisher Bay, 1940: August 8 and 10—263 specimens. 

Fic. 5. Lake Harbour, 1940: July 30 and 31 (black) and August 14, 21, 23 (white)—187 
Specimens. 
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Fig. 6 
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Fic. 6. Sum of Figs. 3, 4, and 5—515 specimens. 
Fic. 7. Clyde River, 1940: September, 7, 8, 11, 12, 13—441 specimens. 


are present in the B group in Fig. 2, and that the enormous predominance of 
the adolescent group obscures their presence. The wide range of body length 
covered would point to this conclusion (16 to 42 mm. in Fig. 2 as against 15 
to 29 mm. in Fig. 7). 

There was considerable variation in the state of the gonads in the large 
group, A, a variation that showed little correlation with length; this agrees 
with the findings of Kramp (7): ‘‘. . . The length of a mature Sagitta elegans 
is on the average 34 to 35 mm., but varies very much.”” The ovaries ranged 
from small, with no large eggs, to almost spent, with still a few ripe eggs left 
in the oviducts. Using Kramp’s (8) system of grouping, the ovaries varied 
from his stage II to stage IV. The commonest was stage III, with some 
ripe eggs amongst the unripe ones. The testes varied in the same way, 
from having a considerable number of polyblasts in the tail cavities, in various 
stages of development, to spent (Kramp’s stages II to IV). They differed 
markedly from the testes of the B group in that there were none without some 
polyblasts in the cavities. The seminal vesicles were developed. 

The inferences are that there is a fairly long spawning period in the summer 
and fall, probably from June or July to October, indicated by the wide varia- 
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tion in the gonads of the breeding group, and that Group B will not spawn 
until the following year. 

The size frequencies in Figs. 1, 2, 6, and 7 are arranged in pairs, August 
and September, for the two years 1939 and 1940. They are self-explanatory. 
The parental responsibility of Group A for Group C has been inferred from the 
increase in C and the decrease in A during the two months. Fig. 6 is an 
aggregate made up from Figs. 3, 4, and 5. It will be seen that it simply 
accentuates the modes already visible in the separate curves made from the 
collections at Gabriel Strait, Frobisher Bay, and Lake Harbour. It will also 
be observed that the gap of two weeks between the black and white portions 
of Fig. 5 has made no difference to the size of the animals or to the positions 
of the modes. Growth is very slow in Arctic water, even during the summer, 
and it is not surprising that Sagitta takes two years to reach maturity. 


Discussion 


Russell (14) records four, and possibly five broods of Sagitta elegans pro- 
duced in one year at Plymouth. Pierce (12) found only one spawning period, 
extending from January to May, at Port Erin, Isle of Man, and there appeared 
to be only one brood involved. In the North Sea, Wimpenny (18) found two 
breeding periods, with indications of a third in October. Meek (11) working 
on Sagitta from Northumbrian waters, found two size groups on one occasion, 
and concluded that there was an overlap of breeding cycles, at least in that 
‘nstance. This is the only record of such a phenomenon from British waters, 
or indeed in any temperate waters. The numbers measured, however, were 
not large. Along the Atlantic coast of North America there seems to be one 
long breeding period, and there is no evidence available for the production 
of more than one brood per year; that is, there is no evidence of the succession 
of broods found by Russell. Quoting from Redfield and Beale (13): “‘S. 
elegans appears to breed in the Gulf of Maine in the late spring and summer. 
Individuals less than 10 mm. in length may be taken from May to September 
in Massachusetts Bay and on Georges Bank. Huntsman and Reid [6] con- 
sider the spawning season in the Bay of Fundy to extend from April to 
September, though the eggs do not develop properly until late summer, and 
the authors doubt if conditions are sufficiently favorable in that locality to 
enable the species to perpetuate itself except by immigration. In the Woods 
Hole region Fish [4| found ripe eggs as early as March and April.” 

In Arctic waters, Ussing (17) and Kramp (7 and 8) agree that there is only 
one annual generation, but there seems to be some variation in the time of 
the breeding period. Ussing, in east Greenland, found it to begin at the end 
of February, and to extend possibly to May. Kramp (7) concluded that the 
bulk of the population in west Greenland breed in the late autumn, but that 
breeding may start some time before. Working on the material of the 
“Godthaab”’ expedition he came to the conclusion (8) that the breeding 
extends from May to September, a conclusion not very different from that 
reached in the present work. 
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There are indications, therefore, of a gradient of breeding habit from the 
condition found in the English Channel by Russell (14), with several. broods 
produced in the year, through the one-brood-per-year conditions that appar- 
ently exist in the Gulf of Maine and the Gulf of St. Lawrence (6), to the 
situation in the Arctic, where not only is there no more than one brood pro- 
duced each year, but each brood takes two years to mature. 

A comparison of the results described in this paper with those obtained from 
Disko Bay, west Greenland (Dunbar (3) ) is interesting. The Sagitta from 
Disko Bay showed a bimodal size grouping, the ranges of the two groups 
along the horizontal axis being 8 to 21 mm. and 21 to 43 mm., respectively; 
the mode of the larger group was approximately at 31 mm. The Disko Bay 
material was collected on July 31, and August 5 and 20, in 1936. This dis- 
tribution is in some contrast with the August conditions in Baffin Island. 
It is somewhat more like the September situation shown in Fig. 2, but the 
position of the mode in the larger group is markedly different. The matter 
does not allow much discussion, because of lack of data from Greenland, but 
there would seem to be fertile ground here for further investigation. One fact 
of doubtless major importance is that the temperatures in Disko Bay were 
somewhat higher than in Baffin Island. Negative temperatures were not met 
with, and the temperature range, between 10 and 100 metres, was from 0. 16° 
to 2.55°C. The epiplankton was also considerably different, and though 
Atlantic water was not demonstrable hydrographically, the plankton was 
suggestive of its presence. 

In addition to the Sagitta population in Disko Bay, two euphausids, Thy- 
sanoessa inermis Kroyer and 7. raschii M. Sars, showed the same type of size 
grouping. Bimodal distributions, representing separate year groups, have also 
been found by Stephensen (16), in Anonyx nugax Phipps from east Greenland, 
and by Ruud (15), in Euphausia superba Dana from the Antarctic. Such 
alternating cycles in the plankton, involving the simultaneous existence. of 
two generations separated in age by at least one year, are not found elsewhere 
than in polar waters, with the possible exception mentioned above (11). 
They are evidently effective in ensuring large numbers of the species under 
conditions of very slow growth. If they are to be looked upon as adaptations 
in the Darwinian sense, then the advantage conferred thereby on the species 
must be realized by the ability of each brood to overflow on occasion, and in 
part, into the next year, so that the failure of one brood may be made good 
by the development of a sufficiently large lag in the breeding cycle of the other. 
The small seasonal variation in temperature in polar water would favour 
such a distortion of phase, and indeed a tendency to go out of phase in this 
manner is the only way in which genetic contact between the broods could 
be maintained. Lacking this, the two broods would be entirely separated, 
and the conditions would make possible a differentiation that might in time 
reach specific proportions. In short, the two-phase breeding cycle offers yet 
another form of isolation conducive to speciation. It should be noted, in 
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conclusion, that the effectiveness of such an isolation depends on the occur- 
rence of only one breeding period per individual. 
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METHOD OF ESTIMATING THE POPULATION OF AN 
AGRICULTURAL PEST OVER AREAS OF MANY 
SQUARE MILES! 


By GEOFFREY BEALL? 


Abstract 


An investigation was undertaken to determine how the number of insects on 
a crop can be estimated most accurately by sampling when the position and 
number of the fields involved are initially unknown. The insect considered 
was the Colorado potato beetle, Leptinotarsa decemlineata Say, on potato crops 
in Caradoc township, Middlesex county, Ontario. A sample was obtained by 
examining a randomly chosen fraction, .001, of each field in a random selection 
of the blocks into which the township is divided by roads. The estimate formed 
on the basis of such procedure would have been somewhat better if less work 
had been done within each field and more blocks had been covered. Uniform 
sampling in all fields would have given almost as good an estimate as the propor- 
ticnal method employed. 


1. Introduction 


Entomologists are frequently concerned with the population of an insect 
in fields under a certain crop over a region many square miles in extent, when 
the position and number of the fields concerned are initially unknown. It is 
desired to find how accurately the total number of insects and the average 
number per unit area can be estimated under such conditions by sampling. 
The insect considered, as an example, was the Colorado potato beetle, 
Leptinotarsa decemlineata Say (larval and imaginal stages), as it occurred 
on July 13, 1937, in the potato fields of an area of 59 square miles in the 
northern part of the township of Caradoc in the county of Middlesex, Ontario. 


2. The Estimation of Total Population and the Variability 
of that Estimate 


Inasmuch as, in an investigation of this nature, it will generally be impossible 
to examine all the fields included in the area subject to survey, the first neces- 
sity is to secure a representative selection of fields whose number and location 
are generally unknown. Since, however, it will be impossible forthwith to 
choose randomly from among the fields, of which the identity is unknown, it 
appears that one might best, in a township divided by roads into small known 
blocks, choose such blocks at random and examine all fields under a given 
crop in the chosen blocks. In this form the problem is clearly analogous to 
that of Neyman (3) when he sampled for households from the statistical 
districts of the Polish census and considered all the men in a house. The 
part of Caradoc township chosen for the survey was broken by a rectangular 


1 Manuscript received May 23, 1941. 
Contribution No. 2075, Division of Entomology, Science Service, Department of Agriculture, 
Ottawa, Canada. 
Presented at the ecological session of the Biometrics Section of the American Statistical 
Association in Chicago, Ill., on December 26, 1940. 
Assistant Entomologist, Dominion Entomological Laboratory, Chatham, Ont. 
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TABLE I 
RESULTS FROM THE SURVEY OF PART OF CARADOC TOWNSHIP FOR POTATO BEETLES 
f Uni | Estimated | 
| field, | exatmined, nas | population, 
j | kel | 

1 | 1 4466 4 186 | 207,669 1216.33 
| 2 2072 2 1 1036 | 0.50 
| 3 3483 3 0 eo | 0.00 
q 4 6573 6 116 127,078 | 343.07 
5 1173 2 | 0 Oo | 0.00 
| 6 3630 4 | 31 | 98,139 | 198.95 
| 7 2816 3 | 70 |. 65,707 | 917.33 
8 2294 2 99 | 113,553 | 544.50 
9 10270 10 8 | 8216 6.40 
10 3971 5 2 | 1588 0.80 
2 1 4933 5 43 | 42,424 124.30 
2 6800 7 2 1943 0.57 
3 583 2 0 | 0 0.00 
| 4 16609 | 15 0 | 0 0.00 
3 | 1 | 7280 | 7 10 10,400 14.29 
2 | 5964 6 10 | 9940 130.67 
| 3 3373 3 0 0 0.00 
4 | 2053 0 0 0.00 
5 | 5680 6 0 0 0.00 
6 | 15166 | 15 50 50,553 122.10 
7 | 17270 17 0 | 0 0.00 
4 1 | 16950 17 0 0 0.00 
2 6517. 7 | 0 | 0 0.00 
3 | 2500 2 0 0 0.00 
4 1536 2 | 0 0 0.00 
5 3233 3 | 9 9699 13.00 
6 1176 ? | 27 15,876 40.50 
7 4620 5 0 —_ 0.00 
8 8217 8 | 86 88.333 | 505.07 
9 3103 3 0 0 | 0.00 
10 2460 3 | 0 | 0.60 
5 | 1 6380 6 0 0 | 0.00 
2 2000 2 0 0 0.00 
3 5372 6 0 0 0.00 
| 4 | 1020 2 14 7140 18.00 
5 5676 | 6 0 0 0.00 
6 6512 6 > 0 0 0.00 
7 1458 2 0 0 0.00 
8 5867 3 25 48,892 17.33 
7 9 8436 8 0 0 0.00 
| 10 2970 3 0 0 0.00 
i 11 10878 10 0 0 0.00 
q 6 1 8256 6 134 184,384 2349.07 
2 10577 6 32 56,411 124.27 
3 4650 5 25 23,250 125.00 
4 5647 6 53 49,881 188.17 
5 1120 2 45 25,200 264.50 
; 6 3540 4 4 3540 4.00 
7 5640 6 52 48 , 880 175.07 

8 1232 . 0 0. 
9 5802 6 121 117,007 748.97 
10 2800 3 0 0 0.00 
11 1689 2 15 12,668 112.50 
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TABLE I—Concluded 


RESULTS FROM THE SURVEY OF PART OF CARADOC TOWNSHIP FOR POTATO BEETLES— Concluded 


| | 
Size of Units | Estimated 
Block, Field, | field, examined, found, | population, | Estimate, 
h Nii | | Fis | Ski 
| | kel | 
| 
7 1 | 1911 | 2 0 | 0 0.00 
2 | 3306S 3 0 0 0.00 
3 | 3870 | 4 12 | 11,610 | 36.00 
4 1892 | 2 0 0 0.00 
| 5 1700 2 73 62,050 | 312.50 
6 1380 | 2 36 24,840 | 392.00 
| 7 | 4800 5 74 71,040 | 102.13 
8 | §742 | 6 93 g9,001 | 702.70 
| 9 3882 4 152 147,516 750.00 
10 2 0 0 0.00 
a 1009 2 15 7568 112.50 
S 1 8246 8 42 43,292 114.50 
2 15407 14 0 0 0.00 
3 3888 5 0 0 0.00 
4 | 1440 2 16 11,520 128.00 
5 | 2 22 83,006 72.00 
6 | 1413 2 0 | 0 0.00 
7 9667 10 348 =| 336,412 1051.29 
8 | 1530 2 0 | 0 0.00 
9 | 971 2 1 486 0.50 
10 | 2628 3 9 | 7884 | 10.80 
11 3333 3 126 | 139,986 | 769.00 
| | 


system of roads into JJ = 41 blocks typically of 1.26 square miles. From 
these blocks a sample of m = 8 blocks was chosen randomly for examination. 

Within the eight blocks drawn, 73 commercial fields of potatoes were found 
and all were examined. Within the A**(h = 1... . M) block say there 
were C,, fields of potatoes and each of these fields was examined. In the same 
way, however, that it was impracticable to examine all blocks and therefore 
was necessary to sample so it became again necessary to carry out further 
sampling within the fields*. In this feature the present problem differs from 
that of Neyman for he was not forced to sample within his man found in a 
sample household. The material within the fields was secured at sampling 
positions randomly chosen in terms of rows from the edge of the field and paces 
from the end of the field along the rows. At these positions, the men making 
the examination laid down in the direction of the rows a light rod 3 yd. long 
and examined the potatoes of one row against which the rod lay. These 
stretches of three yards of potatoes constituted sampling-units, or the inde- 
pendently placed elements of sampling. From the numerical results of the 
work, as shown in Table I, it is required first to form an estimate of the total 
population of potato beetles in the region. 


* The fields might have been subdivided into parts, such as quadrants, to be subjected to inde- 
pendent sampling but the work proved sufficiently complex without this refinement. 
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Consider now the population, X,;, of insects on the hit® (¢ = 1... Ch) 
field, consisting of N,; sampling-units from which m,; sampling-units were 
examined. Let the number of insects on the Aik** (k = 1... . Nii) sampling- 
unit be X nix. 

thi 
X hik (1) 

Nhi k=1 
where F;,; is simply the population of a field as it is commonly estimated, i.e., 
the number of insects found is divided by the fraction of the field examined. 
From Equation (1) the estimate of the population, X;, of insects on the h'* 

block is 

F a = 2 F hi (2) 


i.e., the population on a block is estimated by adding the estimates for the 
various fields within the block. Having made, as in Equation (2), an estimate 
of the population in each block there must be again formed an estimate of the 
number, X, of insects over the whole region from a sample of blocks, as 
(3) 
h=1 
where F is formed in the same way as F),; , i.e., the number of insects estimated 
to have been found on the blocks examined is divided by the fraction of the 
blocks examined. In connection with Equation (3) it is reassuring to note 
that Neyman (3, p. 579) makes it clear that F is a true estimate, i.e., its 
expectation coincides with the true population of insects, whether or not the 
blocks are of a constant magnitude. 


The estimate, F,; , of the number of insects in each field examined is shown 

in Table I, together with the data, i.e., Nai, mai, and 2 Xy,i,, on which the 
k=1 


estimate was based. Following Equation (3), remembering for the present 
case that M = 41 and m = 8 and calculating from Table I it may be seen 
that F = 12,280,000. In Table I there is added a column of values, s*,; , 
which are discussed in Section 3. . 

The chance variation of the estimate, F, is measured by the standard 
deviation, or , which may, following Neyman (3), be estimated as 


se = [{M(M—m) sf} /m]’ (4) 
where 


For the present case, sr = 3,267,000. 


3. The Improvement of Estimation by Varying the Closeness 
with which Fields were Examined 


From the results of Section 2, the ratio, sr/F = 0.27, so that the estimate, 
F, is not very reliable. Such a result gives point to the desirability of re- 
ducing the variability of the estimate by some change in field method. With 


i=1 
ig 


t 
1 


te, 


th 
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such a purpose in view, consider the possibility of having examined perhaps 
more blocks and done less work of sampling in the fields of those blocks, or 
vice versa, and also the effect of such a change on the magnitude of or. 


A primary consideration in the comparison of results from any proposed 
rearrangement of procedure is that the totality of work, W, involved should 
be unchanged. Obviously, 

W = Wu + Wn (6) 
where Wy is the work, such as passing from block to block and from field to 
field within a block, of examining all possible blocks; where Wy is the remaining 
work within fields, i.e., that of counting the insects on all the sampling-units 
of all the fields of all the blocks; and where, as was approximately the case 
for the present study, 
n= (7) 

Nni 
i.e., the number of sampling-units examined in a field was proportional to 
the size of the field. Equation (6) simply supposes that if the fraction 
sampled in a field is held constant, the total work of a survey must vary 
approximately as the number of blocks examined or, if the number of blocks 
is held constant, the total work must vary approximately as the fraction 
sampled in each field. 


Since the chance variation of the grand estimate, F, arises from variability 
between blocks and variability within fields, it may be studied by breaking 
Or in two parts, i.e., writing 


M 
(8) 
™ 


where the squared standard deviation of the grand estimate F’, if it were 
based on an exhaustive examination within the fields of the m blocks touched; 
has been termed o% and the squared standard deviation of the estimate, 
F,,, which arises from sampling within the fields of the 4“ block; OP, . Now, 
after Beall (1) es 
> Ni(Nni — Nni) 


2 
Or, = 
i=1 Nhi 


(9) 


where the chance squared standard deviation of sampling-units within the 


hi field is Nui Nu 
= | = (2 Xa) |/ (Nai — 1) (10) 


and so from Equations (4), (8), and (9), 


M(M — m) M — ri) 
m ™ h=1 i=1 Ni 


where 


1 1 2 
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Under the circumstances of Equation (7), from Equation (11) 


M(M—-m) »,M(Qi-n) |, 


In [:quation (13) it may be seen how the variability of the estimated popula- 
tion, F, depends upon two sources of variability in the population: first, 
upon the variability, 0’; between blocks quite apart from any sampling 
within fields and, second, upon the variability within fields in the form in- 
dicated in the second term. 

Now consider when ¢- will be minimal, i.e., when F will have the smallest 
variability or when X will be estimated with the greatest accuracy, as 
more or less of the time is spent in sampling fields. From Equations (6) and 
(13) or is minimal when 

M Cy M Cy 
c= (Wa Nini aii) / of —Wn Ni (14) 
h=1 h=1 i=1 
It may be noted in Equation (14) that the value of ” indicated is independent 
of the total amount, W, of work that may be done. 

In the present study, it was quite impossible to make a complete count 
over the region under consideration in order subsequently to demonstrate 
the results to be obtained from sampling. Accordingly, since knowledge of 
the situation was necessarily limited to the various estimated values found 
by sampling, the discussion will proceed on the basis of using these estimated 
values as if they were true population values; it is realized, of course, that 
the population under discussion is not the one that actually existed in Caradoc 
but it is felt that the artificial population is very similar to the true, has the 
same characteristics, and might easily have existed. Accordingly the esti- 
mates s3;, shown in Table I, will be taken as values, o7;, and from them 
will again be found M as 


— Mn) 2 
oni 


™ i=1 Nhi 
to get an estimate of 


h=1 i=1 


as 413,840,000,000 from which value, used with the estimate of a} in Equation 
(11) there is obtained an indirect estimate of the squared standard deviation, 
a’; = 50,590,000,000, for blocks subject to complete examination. In the 
study in Caradoc township, a record was kept of the work, in man-minutes, 
required for the various operations of the examination, that of sampling for 
blocks was W,, = 1785 and that of sampling within fields was W, = 1257, 
so that one estimates Wy = (41/8) W,, = 9148 and since approximately m;; 
= 0.001N;,, Wy = (41/8) (1000) W, = 6,442,000. 


Using the above estimates as parameters of a population from Equation (14) 
n = nyi/Ni; = 0.000,456 makes o- minimal, for all values of W. If W = 
3042, from Equation (6) the corresponding value of m would be 10.3 blocks. 
In Table II there is shown for values of m = 5... 13, when W = 3042, the 


| 
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TABLE II 


THE MAGNITUDE OF Of AND THE LEVEL OF SAMPLING IN FIELDS WHEN TWO AMOUNTS OF WORK 
MAY BE DONE IN TWO WAYS AND VARIOUS NUMBERS OF BLOCKS USED 


W = 3042 W = 6084 W = 3042 W = 6084 
m 
mi Nai | or + 1000 | mai Nai | op + 1000 |npiconstant) o¢ + 1000 |x,iconstant| or + 1000 
5 0 002,45 4019 0.006 , 32 3925 12.2 4080 31.4 3949 
6 0 001,81 3671 0.005 ,03 3548 9.0 3747 25.0 3577 
7 0.001 ,35 3414 0.004,11 3254 6.7 3508 20.4 3287 
8 0.001 ,00 3228 0.003 ,42 3017 5.0 3344 17.0 3054 
9 0.000,73 3105 0.002 ,88 2819 | 3.6 3251 14.3 2861 
10 0.000, 52 3054 0.002,45 2653 2.6 3240 12.2 2699 
11 0.000, 34 3107 0.002,10 2510 3357 10.4 2563 
12 0.000,19 3384 0.001,81 2388 1.0 3749 9.0 2446 
13 0.000 ,07 4590 0.001 ,56 2281 0.3 5274 re 2346 
14 0.001,35 2189 6.7 2262 
15 0.001 ,16 2110 5.8 2191 
16 0.001,00 2043 5.0 2134 
17 0.000 , 86 1988 4.3 2090 
18 0.000, 73 1946 3.6 2061 
19 0.000 ,62 1917 3.1 2047 
20 0.000, 52 1904 2.6 2052 
21 0.000, 42 1911 2.3 2082 
22 0.000, 34 1946 2144 
23 | 0.000, 26 2022 1.3 2256 
| 


value of 7 from Equation (6), neglecting considerations of the integrality of 
n,; , and also the value of or from an Equation (13). From Equation (6), 
n = 0, when m = 13.6 blocks, so that 14 blocks would have been impossible, 
i.e., if an attempt had been made to have covered 14 blocks, no time would 
have been left for the sampling of fields. 


If instead of making the total amount of work, W = 3042 man-minutes, 
one had made W = 6084, from Equation (6), » = 0 if m = 27.3 and go; is 
minimal with m = 20.6 blocks. In Table II the values of m and of or 
obtaining for various values of m = 5......... 23 are also shown. 


From the left-hand half of Table II, which concerns the present section 
(the other half concerns Section 4), two conclusions may be drawn: first, 
for W = 3042, the minimal o, was little smaller than the value found by the 
arrangement of work actually employed, so that arrangement was fairly 
satisfactory; second, the magnitude of or does not change rapidly with changes 
in m, so that good results would have been obtained anywhere in the region of 
the best m, so long as the number of sampling-units examined in each field 
was kept low and many blocks could be covered. It is of interest to note, 
in the present case where the universe of blocks is very small, that the reduction 
of o} with an increase of work is rather sharp, thus when W is increased 
from 3042 to 6084, o% is reduced 61%; such reduction is maximal for the 
n of Equation (14). 


’ 
> 
r 
5. 
ie 
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The following question may be raised: how would the conclusions con- 
cerning the best apportionment of work have been modified if the area under 
survey and the work done had been g times greater than in the present case? 
If the variability, o;, between blocks (with complete examination) and the 
variability within fields should be unchanged so that the factors, Wu, Wy, 


M 
and > ~Y Nai oj; in Equation (14) would be increased gq times, the 
h=1 i=1 


value of m that makes or minimal would be unaffected. Even if the extension 
of the territory should introduce heterogeneity but the territory were sub- 
divided into q sections or strata* of the same magnitude and subject to the 
same variability between blocks and within fields as in the total area of the 
present work, the same value of or for a given value of ” should be obtained 
and hence the desired value of ~ would be unchanged. If, however, the 
introduction of heterogeneity should modify the situation pictured above by 
the enlargement of oj, from Equation (14), the desired value of ™ would be 
reduced, i.e., the best procedure would be to sample within fields still more 
lightly than in the present case. 

Under the circumstances that no heterogeneity should be introduced, or 
it should be controlled by stratification, and the true population should be 
q times greater than in the present case, from Equation (13), or would be 
increased gq’ times so that the ratio sr/F, mentioned at the beginning of the 
present section, would be only q-4. times as great as for the present study. 


4. The Variability of the Estimate when the Same Number 
of Sampling-units is Examined in each Field 


Since it is a common practice of field men to examine a constant number, 
ny; = n’, of sampling-units in each, hi", field entered, consider, for the data 
of the present work, how the variability, or , from such a practice compares 
with that to be obtained from the system employed, as in connection with 
Equation (7), of making the number, m,;, of sampling-units vary with the 
size, Na; , of the field. ° 

First consider the disposition of the work involved by the practice under 
consideration. After the manner of Equation (6), it may be written that 
the fixed total amount of work is 


m n' m 
W= 7 Wut (15) 
M Ch 
using the symbols of Section 3 with N = Z ZY N;,;, the total number of 
h=1 i=1 


M 
sampling-units, and C = Z Cy,, the total number of fields in the region. 
h=1 


* No stratification was employed in the present work but for cases where it may be employed 
the appropriate theory is discussed by Beall (1). 
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Considering the nature of @, involved by the practice under immediate 
consideration from Equation (11), on substituting »’ for mj; 


M(M—m) y Ck 
or = rik 7 > N N hi (i 6) 


Again consider when go, will be minimal for a fixed total amount, VW, 
of work. From Equations (15) and (16), op is minimal when 
n’ = Wu = 2 Nii) / CWw 22 Niu) | (17) 
h=1 i=1 h=1 i=1 
where n’ is independent of W. 


For the present section there are needed the estimates from the data 


M Ca 
of N = 1906,000, C = 384, and > N32 = 2,538,629,000,000. 
i=1 


Employing these quantities and others previously used in Section 3, from 
Equation (17) for W = 3042 the desired value is n’ = 2.94. For this value 
of n’, from Equation (15) the value of m = 9.6 is close to the value, m = 10.3, 
previously obtained, under the condition that m,; « N;,;, for the best value 
of 

On the right-hand side of Table II there are shown for various values of 
m the corresponding values of ’, neglecting the consideration of integrality, 
from Equation (15), and of or from Equation (16), for W = 3042 and W = 
6084. From a comparison of these values with the corresponding values for 
the case where #;; is proportional to N;,;, it can be seen that although or 
is now somewhat greater, the system of apportioning work within fields makes 
little difference to the final result. The difference is, however, greatest when 
the sampling within fields is light and many blocks are examined. Accordingly, 
it is judged that the practice, as mentioned at the beginning of the present 
section, of examining a constant number of sampling units in each field will 
furnish data from which a satisfactory estimate of the total population may 
be made. 


The possibilities of improving the estimate by modifications in the system 
of sampling within fields can be appreciated from the consideration of o’p, 
i.e., the value of or if a complete examination (”,; = ',;) should be made 
within fields. Working with eight blocks from Equation (11), that o’, 
= 2,925,000 in contrast to the results of Table II, ie., op = 3,228,000 
when 2; = 0.001N,; and or = 3,344,000 when x,; = 5. Accordingly, it 
does not appear that by adjustment of the apportionment in the fields there 
is much room for reduction in gy. In view of this situation further refine- 
ments of the work do not seem to be justified, in particular the possibility 
suggested by the work of Beall (1) of adjusting the number of sampling-units 
to be examined according to the variability of counts within the fields. 


4 
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~ 3 5. The Estimation of Infestation per Unit Area 


Often the purpose in making a survey of the type carried out in Caradoc 
township will be to form an estimate of the intensity of infestation, say, of 
the number, J, of insects per sampling-unjt. The problem is discussed by 
Neyman (3), following whom there is estimated 


q J = F/G (18) 


where 
M m Cn 
G=— 2 Nu (19) 
M i=t 


is an estimate of .V, the total area under the crop. In Equation (18) it will 
be noted that the number of insects per sampling-unit is estimated as the 
ratio of the estimated total number of insects to the estimated total area. 

Since the exact chance distribution of J is unknown, it is not possible to 
deal with its variability so easily as with that of F. It is possible, however, 
if the distributions of F and of G are known, to find approximately, by a method 
proposed by Geary (2), an upper and a lower limit beyond which J will fall 
by chance with only a prespecified degree of probability. From his discussion 
may be obtained values of J exceeded respectively by chance with a probability 
of 0.005, by finding the roots of 

(N? — 6.635302) J? — 2(NX — + X* — 6.63530; = 0 (20) 


where oq = [{M(M — m) } (21) 


is after Neyman (3) the standafd deviation of the estimate, G, where 


and where R is the correlation between G and F. 


Again, as in Sections 3 and 4, suppose one deals with a population having 
the parameters estimated from the field work with X = 12,280,000, N = 
1,906,000, and oy = 3,267,000. The standard deviation of the quantities, 
N,, calculated from the observations of Table I, is 11,331. Accordingly, 
in the case where m = 8, from Equation (21), oq; = 147,400. From Table I 
the correlation coefficient of N;, and F;, is —0.0056, i.e., Nj, and F;,, are inde- 
pendent and hence N and F are independent and in Equation (20), R = 0. 
Under these conditions (W = 3042 man-minutes and approximately m,; © 
0.001.N,;) the limits of J from Equation (20) are 11.4 and 2.0. Since it is 
improbable that generally in field work R = 0, it should be noted that with 
the modification to the preceding situation that R = 0.5, the limits become 
9.8 and 1.8, and do not differ greatly from those found previously. 


In Section 3 it was seen that for W = 3042, op could be reduced from 
3267,000 to 3054,000 by making m = 10 and n,;<N,;. The same field proce- 
dure would make the limits of J, 11.0 and 2.3, where the corresponding 
reduction is 0.7 in their range. If the case is modified so that W = 6084 
and m = 20, the limits are 8.4 and 4.1. From this result it can be seen that 
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as in the case of estimating the total population, so in the case of estimating 
infestation per unit area, an appreciable improvement in the estimate can 
be made only by increasing the amount of work. 


6. Implications of the Study for Routine Practice 


The present study should furnish an example of the manner in which surveys 
of the number of insects occurring on a cultivated plant, of which the position 
and number of fields is unknown, may be made. ‘The variability of the 
estimates made in the present study are disconcertingly high; nevertheless, 
the procedure of random sampling for blocks and the random sampling of 
fields within those blocks still appears to be the best practical method for 
field problems such as that considered in the present work. 

The fraction of the total available time that should be spent in sampling 
within fields was dependent on the variability between blocks, the variability 
within fields, and the time required to make a complete count of blocks or 
within fields. It is impossible to judge how general the relative magnitude 
of these quantities, as estimated in the present work, will prove for other 
material. For the present case it is, however, very clear that it was desirable 
to spend the time available for the survey mainly in covering as many blocks 
as possible and to sample within fields very lightly. While the estimate, F, 
proved better when made on the basis of varying the amount of sampling in 
a field with the size of the field, rather than on the basis of sampling equally 
in all fields, if, as the writer suspects, field men will find it a practical con- 
venience to employ the second procedure it will be followed by little deteriora- 
tion of the estimate, F. 

In the present work the variability of the estimate of total population 
of potato beetles was high relative to the estimate and the estimate of popula- 
tion per unit area was very variable. There appears to have been no way of 
improving these estimates markedly, short of spending more time in the field. 
In so far, however, as the variability of the estimate, F, was due mainly to 
the variability between blocks, in such work as the present every effort should 
be made to control the latter variability by means of stratification, as men- 
tioned at the end of Section 3, of the area. 
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METHODS FOR THE INVESTIGATION OF RANCIDITY, THEIR 
INTERRELATION, AND APPLICATION TO BACON FAT! 


By W. Haro_p WHITE? 


Abstract 


A procedure for the preparation of bacon fat for physical and chemical examin- 
ation is described. The relative suitability of the determination of peroxide 
oxygen, free fatty acid, Kreis and aldehyde values, the content and acidity of 
water-soluble materials, and the oxidation-reduction potential for the objective 
estimation of rancidity was studied using samples of Wiltshire bacon fat obtained 
from 22 Canadian packing factories. Other measurements related to quality, 
and possibly also to spoilage, were made. These included a determination of 
the hardness, iodine number, melting point, refractive index, and the contents 
of moisture and of fat. Modifications of certain of the experimental procedures 
are outlined. 

The computation of simple coefficients of correlation between the measured 
properties showed the following to be related: peroxide oxygen content with 
each of the Kreis and aldehyde values, the acid value of the water-soluble materials 
and the oxidation-reduction potential; the iodine number with the refractive 
index; and the refractive index with the contents of moisture and of free fatty 
acid. The peroxide oxygen and Kreis tests are considered to be the most suit- 
able for the estimation of rancidity. 

The relative tendency for bacon sides to become rancid was found to be 
primarily an inherent characteristic of the fat of a particular side, and showed 
little relation to known variations in either the processing factors or the pro- 
perties of the lean meat. Observed variations in the quality of the fat were due 
mainly to differences between sides, but also in part to non-uniform selection 
and grading in the various factories. 


Introduction 


The results of an extensive survey on the chemical, bacteriological, and 
physical properties of Canadian Wiltshire bacon have been reported in previous 
publications from these laboratories (4, 6-8, 14, 15, 35, 36, 38-42). In addition 
to the various measurements on the lean meat, studies were also made on the 
fat with respect to its quality and, in particular, to the development of 
rancidity. The purpose of the present paper is to present the results of 
investigations on methods of estimating rancidity and quality in bacon fat, 
the interrelation of the various properties, and the relative importance of the 
sources contributing to their variation in Canadian Wiltshire bacon fat. 


Methods 


The absolute estimation of the extent of development of rancidity in fats 
by physical or chemical procedures is difficult because of the complex nature 
of the reactions associated with spoilage and their dependence on a number 
of accessory factors, such as composition of the fat (2), exposure to heat and 


1 Manuscript received June 30, 1941. 

Contribution from the Division of Biology and Agriculture, National Research Labora- 
tories, Ottawa. Material selected from a thesis presented to the University of Western Ontario in 
partial fulfilment for the degree of Master of Arts. Issued as Paper No. 70 of the Canadian 
Committee on Storage and Transport of Food and as N.R.C. No. 1007. 


2 Biochemist, Food Storage and Transport Investigations. 
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light (2, 3), availability of oxygen (21), and the magnitude of the exposed 
surface (27). Although a variety of methods have been proposed, odour 
and taste are still generally considered to be the final and most reliable criteria 
of rancidity. However, chemical and physical methods are at least of value 
for comparisons between similar fats treated in a comparable manner. 

In view of the apparent uncertainty concerning the relative merits of the 
various objective measurements for rancidity, a number of those considered 
as being most suitable were selected for study. These included determinations 
of peroxide oxygen, free fatty acid, Kreis value, aldehydes, water-soluble 
compounds, and the oxidation—-reduction potential. In addition the following 
measurements, related particularly to the quality of the fat, but in certain 
instances also to spoilage, were made: hardness, iodine number, melting point, 
refractive index, and the moisture and total fat contents. 


Preparation and Extraction of the Sample for Analysis 


Since bacon fat is relatively unstable, it is essential that the preparation 
and extraction of the fat for chemical analysis be carried out under conditions 
that cause a minimum of change. Three steps are involved, namely, the 
fine subdivision of the sample to facilitate the subsequent steps of drying 
and extraction. 


It was found that subdivision could be best obtained by finely chopping 
the fat, while in the frozen condition, with a sharp knife. Although the 
possibility of the introduction of small particles of metal existed, this was of 
little importance, since the extracted material was not to be used for com- 
parative stability tests. 


It was considered that the fat could be most conveniently and efficiently 
dried, either by heating im vacuo or by mixing thoroughly with an anhydrous 
salt, e.g., sodium sulphate. In a preliminary study, the relative efficacy of 
these two treatments was determined by direct comparison on separate 
portions of the same sample of chopped fat. In one procedure, the sample 
was dried in vacuo at 50° C. for 48 hr., and extracted in a Soxhlet apparatus 
with petroleum ether for three hours. By the second method, simultaneous 
drying and extraction were effected by mixing the chopped fat with 50% by 
weight of anhydrous sodium sulphate, placing the mixture in an amber glass 
container, adding petroleum ether and allowing the mixture to stand in the 
dark for 48 hr. In both instances most of the petroleum ether (a redistilled 
fraction boiling below 50° C.) was distilled off, and final traces were removed 
by heating in vacuo at 50° C. for approximately 16 hr. From data for the 
melting point, refractive index, and colour of the two samples of fat, it was 
concluded that the rather rigorous vacuum-drying procedure described above 
caused the loss of the more volatile constituents of the fat, and possibly, 
decomposition of certain constituents. It was consequently considered to be 
unsatisfactory. The simultaneous drying and extraction procedure was like- 
wise unsuitable because of a poor yield. 
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In a second series of experiments, samples prepared by drying im vacuo at 
25° C. for 16 hr., followed by extraction in a Soxhlet unit for three hours, 
were compared with those obtained by mixing chopped fat with 50% by 
weight of anhydrous sodium sulphate, followed by Soxhlet extraction. In 
both instances the major portion of the ether was distilled off (accelerated by 
aeration with nitrogen), and final traces were removed by heating in vacuo at 
40° C. for periods of not greater than one hour. Examination of the properties 
of the samples showed that, although they were approximately identical, there 
was less possibility of oxidation, as indicated by lower values of peroxide 
oxygen, in the procedure utilizing sodium sulphate as the drying agent. This 
method has been used successfully in this investigation and others carried out 
in these laboratories during the past three years. 


Peroxide Oxygen Content 


Of the several types of methods proposed for determining peroxides in fats 
(12, 24, 43), the modification of Lea’s iodometric procedure (24) suggested by 
French et al. (13) was selected as being the most suitable, since it gave results 
comparable to those by Lea’s method and was simpler experimentally. 


In a previous study on chicken fat, it was shown that the observed peroxide 
oxygen content was approximately 20% less than the actual because of 
sorption of iodine by the fat (5). Since pork and bacon fat have normally a 
lower iodine number than chicken fat, the correction factor would probably 
be somewhat less than 20%. 

Since nitrite, possibly present in bacon fat, interferes with the determination 
of peroxide oxygen, it was of importance to determine whether this compound 
interfered when the samples of extracted fat were prepared as described 
previously. Tests for nitrite (34) in a number of samples of extracted bacon 
fat, prepared as described previously, were negative, and indicated that 
precautions for its removal were unnecessary. 


The values of peroxide oxygen obtained in this and other investigations 
carried out in these laboratories have been reported as millilitres of 0.002 NV 
sodium thiosulphate, thus conforming to Lea’s original practice (24). Although 
a variety of other methods has been suggested for their expression, this 
method is considered satisfactory, since the determination itself is somewhat 
arbitrary in nature, and of greatest value in comparisons of similar fats 
treated in a comparable manner. 


Kreis Test 


Of the original procedure (22) and the several subsequent modifications of 
the Kreis test, one (33) was selected as being most suitable because of its 
simplicity and the fact that the colour is developed in a single phase system. 
Investigations of the method showed it to be extremely sensitive. However, 
the colour intensity was proportionate to the concentration of fat used, 
increasing with decrease in the concentration of the fat (Table I). The 
Evelyn photoelectric colorimeter (10), provided with a No. 540 Rubicon 
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filter, was found to serve quite effectively for the measurement of colour 
intensity. 
TABLE I 


EFFECT OF VARIATIONS IN THE CONCENTRATION OF A SAMPLE OF 
BACON FAT ON ITS KREIS VALUE 


Sample 1 | Sample 2 Sample 3 
Weight of Kreis Weight of Kreis Weight of Kreis 
fat, gm. value! fat, gm. | value! fat, gm. value! 
0.490 76.8 0.574 | 69.4 0.647 62.4 
0.429 81.5 0.562 | 66.9 0.133 109 
0.060 133 0.066 | 141 0.075 132 
0.056 132 0.064 | 138 0.065 137 


1Computed as described in the text. 


Since the intensity of the colour developed in the procedure follows the 


Lambert-Beer law, the equation E = logw5" /1c, may be reduced, when the 


2 —logG 
Evelyn photoelectric colorimeter is used, to the form E; = — , where 


G is the galvanometer reading and C is the concentration of fat in grams per 
millilitre of final solution. Although the value of the modified extraction 
coefficient, £,, obtained in this manner has little physical significance, it is 
quite suitable for comparisons between different samples of fats. 


Aldehydes 


Aldehydes in fats have been determined by the Schiff reaction (11) and a 
modification of it (30). However, the Schiff reaction was considered unsatis- 
factory because of the distribution of the dye between two phases, the difficulty 
of quantitatively determining the. intensity of the colour, and variations in 
the nature of the colour with different aldehydes. The modified test is 
apparently specific only for aldehydes of high molecular weight, such as 
glyceride—aldehyde residues (30). 


A more suitable method, in that it gives a measure of the simple aldehydes 
of medium molecular weight, is based on the formation of the aldehyde— 
bisulphite addition product (26). Investigation of this procedure indicated 
that the 15 ml. of extract required for the determination could be more readily 
obtained if 25 ml., rather than the recommended 20 ml., of bisulphite solution 
were used. Moreover, previous observations concerning the indefiniteness 
and instability of the end point were confirmed (17, 23). Although the 
suggested use of 0.02 N iodine rather than 0.002 N (17) in the back titration 
of the combined bisulphite overcame these difficulties, the sensitivity of the 


| . 
| 
, 
5 
5 
of 
A. 
r, 
a, 
1e 
yn 


282 CANADIAN JOURNAL OF RESEARCH. VOL. 19, SEC. D. 


method was considerably reduced. It was found that a 0.01 MN solution of 
iodine gave a satisfactory end point, and greater sensitivity. 


Oxidation—Reduction Potential 


Because of the nature of the reactions causing rancidity in fats, it was con- 
sidered that the oxidation—reduction potential should be related to fat spoilage. 
Previous published studies appear to have been limited to milk (32). In the 
present investigation measurements were made by means of a Beckman pH 
meter, essentially a vacuum tube voltmeter, of the potential developed 
between a saturated calomel half-cell and a bright platinum electrode. 
Because of the apparent difficulties involved in the direct measurement of the 
oxidation—reduction potential of the fat in its solid state, a number of fat 
solvents were investigated as to their suitability. These included petroleum 
ether, benzene, and carbon tetrachloride. The oxidation—reduction potentials 


of bacon fats, both high and low in peroxide oxygen content, were determined — 


when dissolved in the various solvents. 

It was observed in all instances that a period of 15 min. or longer was 
required before the readings became relatively constant. Both the absolute 
magnitude of the potential for any one fat, and the differences in oxidation— 
reduction potential between a fat of high and one of low peroxide oxygen 
content varied with the solvent. Higher positive potentials were obtained for 
fats with greater peroxide oxygen contents than for those containing little. 
Carbon tetrachloride appeared to be the most suitable solvent. It gave 
reproducible results, could be readily obtained in a pure form, and was 
relatively inert to oxidation. z 

The following procedure was adopted as a result of these observations. 
One millilitre of extracted fat was dissolved in five millilitres of carbon tetra- 
chloride. After rinsing both electrodes with carbon tetrachloride, the 
platinum electrode was flamed, and both electrodes rinsed with the fat- 
solvent solution. Readings of the oxidation—-reduction potential were taken 
in a room at 20° C. at intervals of approximately five minutes until successive 
values differed by not more than one to two millivolts. 


Free Fatty Acid 


Although colorimetric procedures (18) have been proposed for the deter- 
mination of free fatty acid, direct titration with alkali would appear to be 
the most commonly used. Such a procedure described previously was found 
to give satisfactory results (25). Since it has been shown that the practice of 
expressing values of free fatty acid as percentage of oleic acid is satisfactory 
(28), the results are computed in this form in the present and other investiga- 
tions carried out in these laboratories. 


Water-soluble Compounds 


In the original procedure and subsequent modifications, the oxidizable 
compounds in the steam distillate (19) or in the hot aqueous extract (23) of a 
fat were determined by treatment with potassium permanganate. It was 
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considered that a recently proposed procedure, in which the water-soluble 
materials were estimated by means of sodium hypochlorite, merited investi- 
gation (31). 

The procedure employed here was essentially the same as that described 
previously (31). However, hot aqueous extraction of the fat rather than a 
steam distillation was made, since the available information would indicate 
this to be more suitable. 

The following procedure was employed in the preparation of the extract. 
Ten grams of finely chopped fat, weighed into a 250 ml. glass-stoppered flask, 
was treated with 50 ml. of boiling distilled water, the flask filled with 
nitrogen and stoppered. The extract was shaken slowly for two hours on @ 
shaking machine equipped with a steam chest, then was removed, centrifuged, 
filtered through a moistened filter paper (Whatman No. 42, 11 cm.) into a 
50 ml. volumetric flask, and, after cooling to room temperature, made up 
to volume. 

Studies of the method, in which the quantities of extract and hypochlorite 
solution were varied, showed that the extent of oxidation of the materials 
in the extract increased with increase in the relative concentration of hypo- 
chlorite to the extract (Table II). The results obtained for Sample 4 would 
indicate that this was not due to a dilution effect, but depended on the actual 
amount of oxidizable material present. 


TABLE II 


EFFECT OF THE PROPORTION OF AQUEOUS EXTRACT TO SODIUM HYPOCHLORITE 
ON THE OXIDATION NUMBER OF BACON FAT 


Sample Weight, gm. sodium 

1 10 10 15 63.7 
10 10 25 105 
10 5 25 214 

2 10 10 15 49.2 
10 10 25 101 
10 50 439 
10 5 25 201 
10 10 25 103 
10 10 15 52.6 

ft 4.5 10 25 241 
10 10 25 101 


145 millilitres of 0.1 N sodium hypochlorite per 100 gm. of fat. 


Although the procedure outlined here is not strictly comparable to that 
described by Strohecker et al., (31), there is sufficient similarity to indicate 
that the use of sodium hypochlorite is unsuitable for the determination of 
water-soluble, oxidizable compounds. 
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Physical Measurement of Hardness of Fat 

Although a variety of physical methods have been proposed for determining 
the hardness of fat, it was considered desirable to investigate the possible 
utility of a machine designed for studies on the tenderness of meat because 
of its simplicity and ease of operation (37). Studies were made in which the 
machine was used either as a modified penetrometer, i.e., a definite weight 
was added to the lever arm and the time required for the jaws to pass through 
a definite distance determined, or in a manner similar to that employed for 
meat, i.e., a continuously increasing load was applied at a constant rate. 
These studies showed that the results obtained when a load was increased at 
a constant rate could be interpreted more readily, and gave more reliable 
information than those secured by the penetrometer type of measurement: 
considerable variation in hardness existed within any one sample of fat; and, 
since pork fat is not deposited generally as a homogeneous mass, but in at 
least two distinct layers corresponding to variations in feeding practice, the 
measurements could best be made by cutting across rather than down 
through the layers. However, considerable care was required to prevent the 
mechanical separation of the layers of fat when the force was applied at right 
angles to them. All measurements on hardness were-made at 3° C. 


Iodine Number 

Of the variety of methods available, that of Kaufmann was selected and 
found to be entirely satisfactory (20). Moreover, in addition to giving 
results comparable to those by commonly accepted procedures, such as the 
Hanus or Wijs (9, 20), it has the advantage of ease of preparation of a solution 
that is free from obnoxious vapours, readily handled, and relatively stable. 
Moreover, if the titre should decrease, it can be readily adjusted to its original 
level by the addition of bromine. 


Melting Point 

Although the estimation of the melting point gives primarily an indication 
of fat quality, it is also indirectly related to rancidity. The measurements 
were made by means of the capillary tube method (1) in conjunction with a 
commercial, electrically operated melting point apparatus*. 


Refractive Index 

The ease and rapidity with which the refractive index can be determined 
has given prominence to the refractometric method of examining oils and fats. 
It is specifically related to fat quality, but is also affected by the development 
of rancidity. All readings were made with an Abbé refractometer at 40° C. (1). 


Moisture and Volatile Content 


Because of the varied opinions expressed as to the effect of moisture on 
the development of rancidity in fats (13, 16), it was considered desirable to 
include this measurement in the present investigation. 


* A. Gallenkamp and Co. Ltd., London, England. 
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This was determined by heating finely chopped samples in vacuo at 25°C. 
for 16 hr., or to constant weight. 


Total Fat 


The determination of total fat was included primarily to ascertain whether 
any relation existed between the hardness of bacon fat, and the amount of 
non-fatty material present. After determining the total moisture and volatile 
content, the samples were transferred to extracted, dried, and weighed 
thimbles, and extracted with petroleum ether (b.p. 50° C.) in a set of Soxhlet 
extractors, especially selected for uniformity in the period required for filling 
and draining. After extracting for 24 hr., a period found to give complete 
removal of ether-soluble components, the thimbles were removed, dried in a 
rapidly moving current of air at 100° C. for 45 min., cooled, and weighed. 


Interrelation and Application to Bacon Fat 
MATERIAL AND PROCEDURE 


Samples of fat were removed from the hams of each of two sides received 
from 22 Canadian packing factories after the sides had been stored at 1.1° C. 
for a period of 10 days, and again after smoking at 43° to 46° C. for 14 hr. (8). 
After removal the samples were placed in sealed glass containers and stored 
at —29°C. (—20° F.) for approximately six months in order to permit the 
formation of readily measurable quantities of those compounds associated 
with rancidity. 

Since it was impossible to make all the measurements on the large number 
of samples available, properties considered to bear possible interrelation were 
grouped, and determined for the samples from certain factories. Accordingly, 
determinations for free fatty acid content, hardness, iodine number, melting 
point, refractive index, and moisture and fat contents were made on samples 
of both smoked and unsmoked fat from the same eight factories; Kreis, 
aldehyde, and oxidation-reduction potential on those from seven factories; 
and water-soluble components on those from three factories. In addition, the 
peroxide oxygen content, preselected as giving the most satisfactory indica- 
tion of rancidity, was determined for all the samples in order that a compar- 
able determination for rancidity might be available between all three groups. 


RESULTS 


The large amount of data available necessitated the use of statistical 
analysis for their interpretation. The relative importance of possible factors 
contributing to the observed variations in the properties studied here was 
assessed by analyses of variance. Such factors include experimental and 
sampling error, differences between sides from the same factory and over-all 
differences in the product from various Canadian factories. The degree of 
interrelation of the quantities studied within themselves, and with other 
known facts concerning factory practice and properties of the sides (4, 6, 7, 35) 
was determined by the calculation of simple coefficients of correlation. 
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Separate computations were made for both smoked and unsmoked bacon in 
order to assess the suitability of the various measurements for, and the effect 
of known factors on, both types, and at two levels of rancidity. 


Mean Values and Analyses of Variance 


From the mean values of the various measurements on rancidity given in 
Table III, it may be seen that bacon fat is markedly unstable, even at the 
low storage temperature of —29° C. (—20° F.) employed, and that the smok- 
ing process has marked antioxidant effect. The relative tendency for sides. 
of bacon to go rancid was an inherent property of the side, as indicated by the 
significant differences between sides for the peroxide oxygen content, the 
Kreis and aldehyde values of both smoked and unsmoked fat. This is of 
some importance since it suggests that the observed differences in factory and 
curing practices (4, 6) have less effect on the development of rancidity than 
inherent properties of the hog. 

TABLE III 


MEAN VALUES AND ANALYSES OF VARIANCE FOR THE MEASUREMENTS ON 
RANCIDITY IN SMOKED AND UNSMOKED BACON FAT 


Variance attributable to: 
Property bg f Mean Between sidest Between factories 
D.f. | Mean square | D.f. | Mean square 
Peroxide oxygen! Unsmoked a2 22 107** 21 129 
Smoked 9.9 22 98 . 3** ai 95.9 
Kreis value? Unsmoked 129 ij 1854** 6 1808 
Smoked 50 7 327°" 6 3051 
Aldehyde value * Unsmoked | 152 7 6821** 6 | 13808 
Smoked 74 7 12850** 6 | 15980 
Oxidation value* Unsmoked | 101 3 11.1 2 18.3 
Smoked 102 3 16.2 2 82.8 
Acid value of water- Unsmoked 0.74 3 0.138** 2 0.226 
soluble components*, Smoked 0.59 3 ©. 141°* 2 0.580 
Free fatty acid® Unsmoked 0.75 8 0.018 7 0.268** 
Smoked 0.91 8 0.070** Zt 0.628** 
Oxidation-reduction Unsmoked | 428 7 1036 6 1235 
potential’ Smoked 387 | 2820 6 1642 


** Indicates 1% level of significance. 


} Significance assessed by comparison with variance due to the sampling and analytical error... 


1 As millitres of 0.002 N sodium thiosulphate. 
2 In arbitrary units as defined in the text. 


3 As parts (CO) per million of fat. 


4 As millilitres of 0.1 N sodium hypochlorite per 100 gm. of fat. 
5 As mg. potassium hydroxide per 100 gm. of fat. 
6 As per cent oletc acid. 


7 In millivolts. 
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All of the methods studied for estimating rancidity, except the oxidation 
value, appeared capable of showing a distinction between a slightly and a very 
rancid fat. The use of sodium hypochlorite, as outlined, appears to be 
unsatisfactory for the determination of water-soluble, oxidizable materials. 
While the mean oxidation—reduction potential of the unsmoked and more 
rancid fat was greater than that of the less rancid, smoked fat, the data 
obtained were very variable, and their dependability is uncertain. How- 
ever, further study is being given to this property because of its apparent 
importance. 


As previously indicated, significant differences between sides were observed 
for the acidity of the aqueous extract. Since a similar observation was noted 
for the peroxide oxygen, Kreis, and aldehyde tests, and as the values increased 
with increase in the degree of rancidity of the fat, there is some indication 
that this measurement is capable of giving an indication of the development 
of oxidative rancidity. It suffers, however, from lack of sensitivity. 


While the observed differences in free fatty acid content between sides 
were significant for the smoked fat alone, those between factories reached 
statistical significance for both the smoked and unsmoked fat. The reason 
for this difference in behaviour of the acid content of smoked and unsmoked 
fat between sides is obscure. The differences between factories may be a 


TABLE IV 


MEAN VALUES AND ANALYSES OF VARIANCE FOR THE CHEMICAL AND PHYSICAL 
CHARACTERISTICS OF SMOKED AND UNSMOKED BACON FAT 


Variance attributable to: 
Property ban ‘ Mean Between sidest Between factories 
D.f. | Mean square | D.f. | Mean square 
Hardness! Unsmoked 2.25 8 0.095 7 0.179 
Smoked 2.19 7 0.776* 7. 0.733 
Iodine number Unsmoked | 52.7. 12 8.78** 11 2.5" 
Smoked 53.6 12 9.25** 11 23.5 
Melting point, °C. Unsmoked | 43.4 12 2.78** 11 15.6** 
Smoked 43.7 12 11 
Refractive index Unsmoked 1.4582 8 45° 7 210* 
at 40°C. Smoked 1.4578 8 93 .0°*  f 142 
Moisture and Unsmoked | 11.4 8 4.14** 7 6.45 
volatile content, % | Smoked 9.72 8 are 7 4.26* 
Fat content, % Unsmoked | 94.8 8 0.360** 7 1.63* 


* Indicates 5% level of significance. 

** Indicates 1% level of significance. 
+ Significance assessed by comparison with variance due to the sampling and analytical error. 
1 In arbitrary units of work. 
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reflection of variations in the number and type of lipolytic micro-organisms 
present in the fat from different factories. It is of interest to note that the 
mean free fatty acid content of smoked fat was slightly higher than the 
unsmoked, and that in both instances the values were sufficiently low to 
suggest that spoilage in bacon fat due to excessive free fatty acid formation 
is normally of little importance. 

Mean values and analyses of variance for the physical and chemical charac- 
teristics of smoked and unsmoked bacon fat are shown in Table IV. A 
significant difference in the physical measurement of hardness was obtained 
between sides for the smoked fat alone. It is not known why the unsmoked 
sides did not behave similarly. Although convenient and rapid in operation, 
the precision of the method was poor, and it is not recommended for use as 
described. 

Differences in the iodine number were due primarily to variations between 
sides. There was, however, some indication from the data for the unsmoked 
samples that variations in grading practice existed between factories. While 
the mean iodine value of the fat of low peroxide oxygen content was slightly 
greater than that of the high, the magnitude of the difference was small. 
This shows that the iodine number, as determined, is little affected by the 
development of rancidity, and consequently is unsuitable for following oxida- 
tion changes in fat. 

With one exception significant differences in the melting point and refractive 
index of the fat were obtained both between sides and factories for smoked and 
unsmoked fat. As two further measurements of fat quality, they confirm 
the previous conclusions, namely, that variations in the hardness of Wiltshire 


TABLE V 


SIMPLE COEFFICIENTS OF CORRELATION BETWEEN PEROXIDE OXYGEN, KREIS VALUE, AND 
OTHER MEASURED PROPERTIES OF SMOKED AND UNSMOKED BACON FAT 


| Unsmoked fat Smoked fat 
Quantities correlated | 
| Df. | r D.f. r 
| 
Peroxide oxygen content with: | 
Kreis value | 12 1 .06** 
Acid value of aqueous extract + | fing 4 67 
Oxidation-reduction potential | -48 
Iodine number | —.11 |. 22 
Melting point | a2 —.16 | 22 15 
Refractive index 14. | 16 14 —.05 
Moisture and volatile content | 14 | 17 |. 34 —.20 
Fat content | 14 | — .20 — 
| } 
Kreis value with: 
Aldehyde value fh 66** 12 99** 


* Indicates 5% level of significance. 
** Indicates 1% level of significance. 
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bacon fat are due not only to differences between sides, but also to non- 
uniform selection and grading in the various factories. The development of 
rancidity caused little change in the melting point, and a slight increase in 
the refractive index. However, the changes were too small to permit either 
measurement to be used for the estimation of rancidity. 


While the principal differences in the moisture and volatile content of the 
fat were between sides, there was also some indication that it was affected by 
factory and curing practice. On the average, the moisture and volatile 
content of the smoked fat was approximately 10% less than that of the 
unsmoked. 


Significant differences between both sides and factories were noted for the 
petroleum-ether-soluble fraction of unsmoked fat. It is possible that such 
variations are reflected in the hardness of the fat, since it would seem reason- 
able to assume that the greater the proportion of structural or non-fatty 
material, the harder the fat. Approximately 95°% of the original weight of 
the fat was soluble in petroleum ether. 


Correlation of the Properties 


Of the methods studied for the estimation of rancidity, the peroxide oxygen 
and Kreis tests were most closely related at both high and low levels of 
rancidity, i.e., unsmoked and smoked fat (Table V). This suggests that the 
formation of peroxides is closely accompanied by that of the parent compound 
of epihydrinaldehyde (29). The peroxide oxygen content of the unsmoked fat 
was also significantly and positively correlated with the aldehyde value, the acid 
value of the aqueous extract, and the oxidation—-reduction potential as deter- 
mined by one, but not the other, of the two electrodes employed. The lack 
of significant correlation with the aldehyde value at the lower peroxide oxygen 
levels is presumably due either to a relatively greater experimental error, or 
more probably to a differential formation of the two materials. A relatively 
poorer precision probably accounts for the lower coefficients obtained with 
the acid values of the aqueous extract and the oxidation—-reduction potential 
of the less rancid fat. In contrast to these, it is of interest to note that the 
Kreis and aldehyde values were more closely related at low than at high levels 
of rancidity. 


Of the procedures outlined for the estimation of rancidity, the peroxide 
oxygen, Kreis, and aldehyde tests are considered to be most suitable. The 
precision of the aldehyde determination is poor, but it possesses the advantage 
of determining a portion of the materials directly responsible for the rancid 
odour and flavour (29). The modified Kreis test is the most sensitive of the 
three, has excellent precision, but the values vary considerably with the 
concentration of fat. The peroxide oxygen test is believed to be most satis- 
factory, since it agrees closely with the Kreis test, is less affected by variations 
in the concentration of the fat, and because of the simplicity and general 
applicability of the experimental procedure. 
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None of the coefficients between peroxide oxygen and the physical and the 
chemical characteristics of the fat considered to be related to the development 
of rancidity reached the level of statistical significance (Table V). Although 
the implications suggested by the signs and magnitudes of the coefficients 
are of theoretical interest, they do not merit discussion here. 


TABLE VI 


SIMPLE COEFFICIENTS OF CORRELATION BETWEEN PHYSICAL AND CHEMICAL 
PROPERTIES OF SMOKED AND UNSMOKED BACON FAT 


Unsmoked fat Smoked fat 
Quantities correlated 
Ds. r Da. r 
Iodine number with: 
Melting point 22 —.34 22 —.15 
Hardness 14 —.01 13 — .06 
Refractive index 14 aw 14 .58* 
Total fat 14 —.09 — — 
Melting point with: 
Refractive index 14 — .24 14 —.1l 
Free fatty acid 14 ie 14 .04 
Hardness 14 01 13 —.02 
Refractive index with: 
Hardness 14 — .03 13 —.07 
Moisture and volatile content 14 — .47* 14 —.18 
Fat content 14 | 
Free fatty acid ~ — .80** 14 — .59** 
Moisture and volatile content with: 
Hardness 14 — .08 13 .04 
Total fat 14 — .40 
Free fatty acid 14 .46 14 i wae 
Total fat with: 
Hardness 14 — .02 — 


* Indicates 5% level of significance. 
** Indicates 1% level of significance. 


The results of the computation of simple coefficients of correlation between 
the physical and chemical properties of the fat studied are shown in Table VI. 
An increase in the iodine number was associated with a decrease in the melting 
point and an increase in the refractive index. In the more rancid fats the 
melting point was positively related to the content of free fatty acid. The 
significant negative coefficient for refractive index and moisture content may 
be a reflection of the accelerating effect of moisture on the growth of micro- 
organisms elaborating lipases. The moisture and volatile content was related 
negatively to the amount of fat present, and positively to the free fatty acid 
content. The former observation suggests that moisture is present mainly 
in the non-fatty portion of the fat. 
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It is of considerable importance to note the significant, negative relations 
obtained between the refractive index and the free fatty acid content. This 
suggests that the use of the refractive index for the rapid estimation of the 
degree of unsaturation of a fat is suitable only if the samples contain com- 
parable amounts of free fatty acid. 


TABLE VII 


SIMPLE COEFFICIENT OF CORRELATION BETWEEN THE PEROXIDE OXYGEN CONTENT OF SMOKED 
AND UNSMOKED BACON FAT AND CERTAIN FACTORY AND CURING PRACTICES 
EMPLOYED IN THE MANUFACTURE OF WILTSHIRE BACON 


Unsmoked Smoked 
Quantities correlated 
D.f. r D.f. r 
Peroxide oxygen content of the fat with: 
Number of days before cure 15 — .32 oe —_ 
Number of days in cure 15 .40 —— _ 
Number of days from cure to second 
sampling of the meat 15 As _ = 
Number of days from cure to after 
smoking 15 .08 
Oxidation-reduction potential of the 
pump pickle 18 — .38 _ _— 
Oxidation-reduction potential of the 
cover pickle 18 — .13 
Oxidation-reduction potential of the 
pH of the pump pickle 16 —.11 — — 
pH of the cover pickle 18 34 18 23 
pH of the spent pickle 20 Ad _— = 
Sodium chloride in cover pickle 18 —.12 18 — .28 
Sodium nitrate in cover pickle 18 .35 18 .22 
Sodium nitrite in cover pickle 17 .14 17 — .04 
Protein in spent pickle 18 .05 18 .04 
Increase in protein content of the 
pickle during cure 18 .33 18 .05 
Number of pump stitches 19 .12 19 —.01 


Interrelation of Plant and Curing Practices and Properties of the Meat with 
Peroxide Oxygen Formation 


Although simple correlations between the peroxide oxygen content of the 
fat and certain factory and curing practices did not attain statistical signi- 
ficance (Table VII), it is of interest to note that the magnitude varied in- 
versely with the number of days from slaughter to the beginning of cure, and 
directly with the days in cure and with time from cure to the second sampling 
of the meat, when the samples of unsmoked fat were taken (8). Of the re- 
maining factors studied, the following appeared to be of greatest importance: 
the oxidation—reduction potential of the pump and spent pickles, the pH of the 
cover pickle, the sodium chloride and nitrate content of the cover pickle, and 
the increase in the protein content of the cover pickle during cure. 

Of a number of properties of the meat considered to bear possible relation 
to peroxide oxygen formation, only two appeared to be of importance (Table 
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VIII). The peroxide oxygen content of the fat was significantly and positively 


related to the oxidation—reduction potential of the meat, and positively but 
not significantly to the nitrite content of the meat. 
TABLE VIII 
SIMPLE COEFFICIENTS OF CORRELATION BETWEEN THE PEROXIDE OXYGEN CONTENT 
OF SMOKED AND UNSMOKED FAT AND CERTAIN PROPERTIES OF WILTSHIRE BACON 
Unsmoked Smoked 
Quantities correlated | 
D.f | D.f r 
Peroxide oxygen content of the fat with: 
Oxidation-reduction potential of the | 
meat—1st sampling (No. 2 electrode) 30 aon — — 
Oxidation-reduction potential of the | 
meat—2nd sampling (No. 2electrode)| 42 —.13 | 
pH of meat 42 | .04 | 42 —.12 
Moisture content of meat 42, | —.01 
Sodium chloride content of meat 42 | 
Sodium chloride content of meat | 
adjacent to fat 42 | .10 
Sodium nitrate content of meat 42 — .08 ; o— — 
Sodium nitrite content of meat 42 yy | — — 
* Indicates 5% level of significance. 
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Notes on the Preparation of Copy 


General:—Manuscripts should be typewritten, double spaced, and the original 
and one copy submitted. Style, arrangement, spelling, and abbreviations should 
conform to the usage of this Journal. Names of all simple compounds, rather than 
their formulae, should be used in the text. Greek letters or unusual! signs should 
be written plainly or explained by marginal notes. Superscripts and subscripts 
must be legible and carefully placed. Manuscripts should be carefully checked 
before being submitted, to reduce the need for changes after the type has been set. 
All pages should be numbered. 

Abstract:—An abstract of not more than about 200 words, indicating the scope of 
the work and the principal findings, is required. 

INustrations:—Drawings should be carefully made with India ink on white drawing 
paper, blue tracing linen, or co-ordinate paper ruled in blue only. Paper ruled in 
green, yellow, or red should not be used. The principal co-ordinate lines should be 
ruled in India ink and all lines should be of sufficient thickness to reproduce well. 
Lettering and numerals should be of such size that they will not be less than one 
millimetre in height when reproduced in a cut three inches wide, If means for neat 
lettering are not available, lettering should be indicated in pencil only. All experi- 
mental points should be carefully drawn with instruments. ‘ 

Illustrations need not be more than two or three times the size of the desired 
reproduction, but the ratio of height to width should conform with that of the type 
page. Small photographs should be mounted on cardboard and those to be repro- 
duced in groups should be so arranged and mounted. The author's name, title of 
paper, and figure number should be written on the back of each illustration. Captions 
should not be written on the illustrations, but typed on a separate page of the 
manuscript. 

Tables:—Titles should be given for all tables, which should be rumbered in 
Roman numerals. Column heads should be brief and textual matter in tables con- 
fined to a minimum. : 

References should be listed alphabetically by authors’ names, numbered in that 
order, and placed at the end of the paper. The form of literature citation should 
be that used in this Journal and titles of papers should not be given. All citations 
should be checked with the original articles. 

The Canadian Journal of Research conforms in general with the practice outlined 
in the Canadian Government Editorial Style Manual, published by the Department 
of Public Printing and Stationery, Ottawa. 
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